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1. INTRODUCTION 
1 • 1 Object and Scope 
An investigation of the structural interaction of building 
members has been in progress at the University of Illinois, Urbana, . 
since October 1966. The goal of the investigation has been to develop 
information toward a closer prediction of the actual strength of buildings 
subjected to lateral and/or vertical loads. 
The primary objective of the part of the investigation presented 
in this report was to study and describe the response of laterally loaded 
reinforced concrete frames with masonry walls. 
This report presents a description of a series of laboratory 
tests carried out on eighth-scale models of masonry infilled frames 
which were subjected to lateral and, in some cases, vertical loads. The 
resistance mechanism and the failure modes are described, and the observed 
phenomena are related quantitatively to the geometric and material 
properties of the frame-wall composite. Variations in the goemetry and 
material properties of the specimens are discussed with regard to their 
influence on the resistance of the structures to lateral loads. 
1.2 Review of the Problem 
(a) Introductory Remarks 
Reinforced concrete frames containing masonry filler walls are 
frequently encountered in structural systems where masonry is used for 
partition walls or exterior nonbearing walls. In the structural design 
process, the filler walls are usually considered to be inactive structural 
elements. 
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Actually, the interaction of the frame and walls results in a 
response which is significantly different from that of the frame acting 
alone: the frame-wall composite is considerably stronger and stiffer 
than the sum of the individual responses of the frame and wall. 
By ignoring the interaction of the frame and wall in design, 
a significant portion of the strength of the system is wasted. What is 
more important, however, is that the critical points in the frame-wall 
composite are not the same as those in the frame. Thus, certain critical 
sections may be inadvertently neglected in the design of frame-wall 
~ystems. 
(b) Tests of Full-Sized Frames with Masonry Filler Walls 
The interaction of the frame and filler walls has been 
demonstrated in two series of tests in which full-sized buildings were 
loaded to failure. These tests have been reported by Ockleston (1955)* 
and Read (1965). They are summarized here because they pro~ide expl icit 
evidence of the frame-wall interaction in actual structures. 
(1) Tests Reported by Ockleston 
Ockleston's report described the tests made on portions of the 
Old Dental Hospital in Johannesburg which was being demolished in 1952 
after ten years of service. The end frames of two small wings were cut 
~ 
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away from' the structure and loaded by applying a horizontal load in the 
plane of the end frame at roof level. The frames were three stories 
high and one bay wide (Fig. 1.1). The brick walls of the structure 
were left intact in the north frame and removed from the south frame~ 
Figure 1.1 shows the measured load-deflection relationships and the 
crack patterns for the two frames. Several important observations are 
evident from the test results. The load-deflection curves show the 
maximum capacity of the frame with walls to be about five times that 
of the frame with no walls. The north frame was also considerably 
stiffer than the south frame. The crack patterns indicate that the 
resistance mechanism was quite different for the.two systems. The 
crack pattern of the south frame indicates frame action, while cracking 
in the north frame is of the type which would be expected in a canti-
lever beam. Despite the fact that the walls were reportedly loose-
fitting, the response of the two specimens differed drastically. The 
difference in response was further evidenced by the mode of failure 
of the north frame which was caused by a spl ice failure. Such a failure 
is associated with beam action, having occurred at the point of maximum 
moment. 
(2) Tests Reported by Read 
Read (1965) has reported the results of tests made on two 
portal frames from the ends of a small power-station building located at 
Newman Spinney southeast of Sheffield, England. The frames were tested 
to failure by applying a horizontal load at the roof level in the plane 
4 
of the frame. One frame was tested with the infill removed, but the 
infill was left intact" in the other specimen. The infill consisted of 
concrete-block masonry, windows, and a secondary system of concrete beams 
and columns which were not continuous with the main frame. The crack 
pattern for the filled frame is shown in Fig. 1 .2along with the measured 
load-deflection relationships obtained from the two tests. 
The additional strength and stiffness of the infil1ed frame is 
evident from the load-deflection curves. The frame with infill carried 
more than seven times the load carried by the frame with no infill. 
The tests on the full-sized structures clearly illustrate the 
drastic effects of frame-wall interaction which have been ignored in 
ordinary design methods. However, these tests do not provide a sol id 
basis for defining the response of frame-wall systems." 
(c) Previous Investigations of Frame-Wall Structures 
There has been a considerable amount of research, both 
analytical and experimental, done on the behavior of frames with filler 
walls. A useful chronological summary of the major investigations (up 
to August 1965) is given by Coull ~nd Smith (1967). In the remainder 
of this section several investigations directly appl icable to frames 
with masonry filler walls are briefly reviewed. 
(1) Benjamin and Williams (1957, 1958a, 1958b) studied the l 
I behavior of full-scale and model infilled frames. Both steel and 
reinforced concrete frames were used in combination with either rein-
forced concrete or masonry filler walls. Brick walls without bounding 
l 
l 
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frames were also tested. For ·the frames with brick filler walls, 
Benjamin and Will iams related the strength of the system directly to 
the strength of the masonry filler wall, noting that considerable 
scatter may be expected because of the sensitivity of the properties 
of masonry to the qual ity of workmanship. They state that behavior beyond 
the failure of the wall is a function of the bounding frame and the test 
procedure, with the strength dependent on frictional resistance in the 
system. 
(2) Thomas (1953) describes the results of a number of tests 
on brick walls and piers. Included were racking tests of one-story 
one-bay, large scale infilled frames. The specimens were made up of 
concrete encased steel frames with and without masonry filler walls. 
Only the measured load-deflection results were reported. However, 
these curves indicated the influence of the frame-wall interaction. 
(3) Wood (1958) gives more details of the tests described by 
Thomas, again indicating the significant effects of composite action. 
(4) Polyakov (1960) performed tests on one-story one-bay 
and three-story three-bay steel frames with masonry filler walls. The 
top beam of the structures was subjected to a horizontal in-plane load. 
Polyakov interprets the results of the tests by considering the interac-
tion of the frame and wall to be equivalent to a frame system with 
compression diagonals. 
(5) Sachanski (1960) reports the results 'of tests carried out 
on full-scale and model masonry infilled frames which were loaded 
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laterally. He notes the formation of cracks along the compression 
diagonal which he predicts by using an analytical model to ideal ize 
the frame-wall contact forces as discrete redundant loads. 
(6) Holmes (1961, 1963) presents a method for determining 
the strength and stiffness of frame-wall composites based on the concept 
of the ,wall acting as a diagonal brace. His results were limited to 
steel frames. In this method, the wall is replaced by an equivalent 
diagonal strut. The equivalent frame fails when the compressive 
strength of the strut is exceeded. Deformations are predicted by an 
elastic analysis of the braced frame system. 
(7) Smith (1962,1966,1967) also interprets the stiffness 
of the frame-wall composite on the basis of the equivalent strut concept. 
He has presented a series of charts from which the effective width of an 
equivalent strut can be determined based on the relative frame-wall 
stiffness. The frame-wall system is then considered as a pin-jointed 
diagonally-braced frame which can be analyzed by conventional structural 
theory to determine the stiffness of the system. 
Carter and Smith (1969a, 1969b) 1 ist the possible failure modes 
for masonry infi lled frames as: (1) local crushing of the masonry near 
the appl ied load, (2) tension cracking along the mortar joints or through 
the masonry, and (3) shear cracking along the mortar joints. The addi-
t ional possibil ity of increases in strength due to the restraining 
influence of the frame is also mentioned. However, they indicate that 
shear cracking is dominant in masonry construction. This is essentially 
the same mode considered by Benjamin and Will iams (1958a ). 
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One of the primary drawbacks in the experimental studies to 
date is that most of the tests have been carried out on one-story 
one-bay frames with filler walls. There is 1 ittle experimental 
evidence which can be used to support a quantitative description 
of the response of multi-story systems, either single- or multi-bay. 
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2. OUTLINE OF THE EXPERIMENTAL PROGRAM 
The experimental program included tests of 26 structural models 
of reinforced concrete frames with masonry filler walls. One additional 
frame was tested with no filler walls. All test structures were subjected 
to lateral loading. To simulate gravity loading, the columns in nine of 
the specimens were also subjected to constant vertical load. The test 
specimens represented approximately eighth-scale models of full-scale frames, 
although no specific prototype structures were modeled. 
were: 
The controlled variables included in the experimental program 
(1) height or number of stories 
(2) width or number of bays 
(3) amount, qual ity, and arrangement of the frame 
re i nforcement 
(4) magnitude of the vertical load appl ied to the columns 
(5) size, shape, and location of wall openings. 
In addition, the influence of the strength of the walls and the concrete 
in the frames was observed, although these properties were not system-
atically varied in the tests. Table 2.1 provides a summary of the 
controlled variables. 
Eight one-story one-bay (Fig. 2.1), thirteen five-story one-bay 
(Fig. 2.2), and six two-story three-bay specimens (Fig. 2.3) were tested. 
The one-story specimens were subjected to lateral load at the mid-span of 
the top beam. In the five-story specimens equal loads were appl ied at the 
----, 
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third points of each beam. In the two-story specimens 80 percent of the 
total was app1 ied at the mid-span of the top beam, 10 percent was app1 ied 
at the mid-span of the middle first-story beam, and 10 percent was app1 ied 
at the mid-span of the outside first-story beam (on the tension side.of 
the specimen). 
Vertical loads were app1 ied on the columns of six of the 
five-story specimens and three of the two-story specimens. Vertical 
loads of 2.5 or S.O.kips per column were appl ied and maintained constant 
during the tests. 
The specimens were made up of the same geometric units. The 
columns and interior beams of the frames measured 3 by 3 in. (nominal) 
in cross section. The wall panels were l~ by 30 in. (nominal). The 
frames were fabricated using small-aggregate concrete and wire reinforce-
mente The columns and interior beams had the same reinforcement ratio, 
p , which was varied from 0.011 to 0.022 to 0.034 (based on overall g 
dimensions) in the five-story specimens. 
The masonry wall panels were fabricated from small-scale clay 
bricks and mortar. Openings of various types were provided in five of 
the one-story specimens, two of the five-story specimens, and two of 
the two-story specimens. One five-story structure had no filler walls. 
A detailed description of the experimental program is given in 
Appendix A. The test results are presented in detail in Appendix B. 
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3. GENERAL RESPONSE CHARACTERISTICS 
The relationship of total load to lateral deflection, used 
as the primary indicator for describing the response of the sp~cimens 
to applied lateral load, provides a definition of the resistance function 
of the specimens in terms of strength and stiffness characteristics. 
In general, the load-deflection curve has an initial 1 inear 
portion followed by a non1 inear portion (Fig. 3.1). The 1 inear portion is 
terminated by cracking in either the wall or the frame. Failure may 
occur in the steep or nearly flat range of non1 inear response. 
The shape and extent of the load-deflection curve varied with 
the following controlled variables: 
(1) height or number of stories 
(2) width or number of bays 
(3) amount, qual ity, and arrangement of the frame 
reinforcement 
(4) column loads 
(5) wall openings 
Variations would also have been observed with changes in the 
strength of the walls and of the concrete in the frames, which were not 
systematically investigated in the tests. 
Chapters 4 through 9 describe the effects of the controlled 
variables on phenomena affecting the load-deflection curve. 
Because of the number of variables considered and the signifi-
cant changes in behavior which these variables effect, a concise scheme is 
necessary for discussing the response of the specimens. The basis for the 
""' I 
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scheme used in the following chapters is the overall load-deflection 
curve shown in Fig. 3.1. Each of the critical phenomena indicated by 
the response curve is described under the separate headings of Chapters 
4 through 9. The initial response is discussed in Chapter 4, the cayses 
and effects of cracking are discussed in Chapter 5, the causes and effects 
of nonl inearity are discussed in Chapters 6 and 7, and the modes of 
failure are discussed in Chapter 8. Chapter 9 includes a summary of 
the observed behavior. In describing each critical phenomenon the 
response for an assumed primary condition, basic to an understanding 
of the phenomenon, is discussed first. Following this discussion the 
effects of the major variables are studied separately. The effects 
of material properties are included throughout the discussion as 
examples are used from the individual tests. Verification of the points 
of behavior discussed is drawn from data recorded during the tests 
which included loads, deflections, steel strains, crack patterns, and, 
in some specimens, strains measured in the walls and shrinkage strains 
in the frame. 
A complete description of the specimens is given in Appendix 
A. Appendix B presents the data for each test. Tables A.l through A.6 
summarize the physical properties for each specimen. 
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4. INITIAL RESPONSE 
4.1 Response for Assumed Basic Loading Conditions 
The structure shown in Fig. 4.1 represents the system assumed 
as a basic unit for discussion of the response of the frame-wall 
composite. The moment, shear, and axial load may be caused by directly 
app1 ied forces or by forces transmitted from other parts of a structure. 
Figure 4.2 shows the deflected shapes (to an exaggerated 
scale) which the frame alone and the wall' alone would undergo if 
subjected to lateral load. The two shapes represent bounds on the 
d,istorted shape of the frame-wall composite. If the wall is flexible 
and the frame is stiff, the distorted shape of the composite approaches 
that of the frame alone. If the wall is stiff and the frame relatively 
flexible, the distorted shape approaches that of the wall alone. 
Omitting the moment and the axial load reduces the system to a 
one-story one-bay infi1led frame subjected to lateral load. The 
response of the one-story one-bay test specimens is discussed below. 
For small lateral loads the system response is sensitive to 
the amount of contact between the frame and wall. If a gap exists 
between the wall and surrounding frame the stiffness of the system would 
be primari ly dependent on the "empty frame" st iffness unt i 1 contact is 
made between the frame and wall. As the lateral load increases, wall-frame 
contact would cause a stiffening of the system response because the wall 
begins contributing to the load resistance of the structure. Because of 
the method of fabrication of the test specimens (Appendix A), no gaps 
between the wall and frame were expected. The total load vs lateral 
, ~ 
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deflection at the mid-height of the top beam is plotted in Fig. 4.3 for 
specimens S28, S2H, and S21. Only the initial portion of the load-
deflection curve is shown. The broken 1 ine marked llframe on1 y ll is the 
calculated stiffness of an empty frame based on an elastic analysis. 
using uncracked transformed column cross sections. The calculated 
empty frame stiffness is significantly lower than the stiffness exhibited 
in the early range of loading by the infilled frame specimens indicating 
that no measurable gap existed between the wall and frame. 
With the frame and wall in contact, both elements participate 
in transmitting the loads through the structure. The wall carries most 
of the shear as in the web of an I-section. An estimate of the amount 
of the total shear distributed between the frame and wall can be obtained 
by considering the relative stiffnesses of the frame and t'he wall. The 
upper bound to the flexural stiffness of the frame is given by assuming 
that the top beam is rigid. The flexural stiffness of a column with 
both ends fixed is 
where: 
v 
co 1 = 
12 E I 1 a c co 
E ~ modulus of e1asticJty of concrete 
c 
I = moment of inertia of uncracked transformed column 
col 
cross section 
a deflection of column 
i clear height of column (15 in.) 
V shear force in column 
col 
(4.1) 
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Taking the deflection, a, as unity and assuming a modulus of elasticity 
of 3 x 106 psi for the concrete gives a total shear force of about 190 
kips in both columns of the frame. The shear stiffness of the wall 
alone can be represented as 
where: 
A 
w 
G 
w 
a = 
.f, = 
w 
A G a 
v 
w 
w w 
k 1, 
w 
cross-sectional area of 
shearing modulus of the 
deflection of the wa 11 
height of the wa 11 ( 15 
the wa 11 
wa 11 material 
in. ) 
(4.2) 
k coefficient dependent on the shape of the cross section 
(The value of k was taken as unity assuming a uniform 
shear distribution on the rectangular cross-sectional 
area of the wall.) 
v = shear force in the wall 
w 
A shear force of about 1050 kips is required to give a unit deflection, 
assuming a shearing modulus of 0.6 x 106 psi. The distribution of the 
total shear force in the frame-wall composite is thus estimated to be 
approximately 15 percent in the frame and 85 percent in the wall~ 
Fedorkiw (1968) reports distributions of the total base shears ranging 
from 0 to 95 percent in the wall depending on the modulus of elasticity 
for the filler material. Figure 4.4, reproduced from Fedorkiw's report, 
shows the variation in the base shear distribution with the modulus of 
elasticity of the filler (for the frame, ·Fedorkiw used Ec = 3.5 x 106psi ). 
I 
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Fedorkiw's results are calculated using a lumped-parameter model of the 
frame-wall complex assuming the wall material to be isotropic and 
1 inearly elastic with Poisson's ratio equal to zero. 
The total moment on the frame-wall system is resisted by the 
couple produced from the axial loads in the columns, the resultant 
moment provided by the stresses normal to the wall transverse cross 
section, and the moments in each column. Figure 4.5, reproduced from 
Fedorkiw's report, shows the distribution of the total moment in the 
base of the structure between the three components contributing to the 
moment resistance. The results are given as a function of the modulus 
of elasticity of the filler material. The results shown in Fig. 4.4 
and 4.5 are indicative of the differences in the load-carrying mechanisms 
of structures ranging from an empty frame to a shear wall. The mechanism 
by which an infilled frame transmits load is a combination of frame and 
wall response, the extent of each type of behavior being dependent on 
the relative frame-wall stiffness. 
The lateral deflection of the frame-wall composite is due to 
flexural distortion and shearing distortion which are dependent on the 
geometrical and material properties of the frame and wall. The lateral 
deflection at the mid-height of the top beam for the one-story specimens 
was calculated using the expression 
(4.3 ) 
where: 
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a = lateral deflection of the structure at the mid-height 
of the top beam 
v = total shear force on the structure 
~ distance from top of base beam to mid-height of the 
c 
first-story beam (18 in.) 
E = modulus of elasticity of the frame-wall composite material 
(assume E = E = 3 x 106 psi) 
c w 
I = moment of inertia of the total frame-wall cross section 
k = coefficient dependent on the shape of the cross section 
(The value of k was taken as unity assuming a uniform 
shear distribution onthe rectangular cross-sectional area 
of the wa 1 1 . ) 
~ height of wall (15 in.) 
w 
A cross-sectional area of the wall 
w 
G shearing modulus of the wall material (0.6 x 106 psi) 
w 
The first term in Eq. 4.3 represents the deflection due to bending 
distortion. In calculating .the deflection, it was assumed that the 
total frame-wall compl~x participated in resisting the app1 ied bending. 
The second term in Eq. 4.3 represents the deflection due to shearing 
distortion. In this case it was assumed that the wall alone resisted 
the appl ied shear. The total lateral deflection calculated for a load 
of five kips was 0.005 in. (92 percent due to shearing distortion). 
The calculated load-deflection relationship is shown in Fig. 4.3 by the 
broken 1 i ne marked "fr arne and wa 11'1. 
l 
l 
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In calculating the deflection, a shearing modulus of 
6 0.6 x 10 psi was assumed for the masonry wall. This value is signifi-
cant s'ince the shearing distortion of the- wall contributes substantially 
to the total deflection of the structure. Because masonry is an ortbo-
tropic material the shearing modulus cannot be calculated using the 
express ion 
G 
w 
E 
w 
2(1 + v) (4.4 ) 
which relates the shearing modulus, G , the modulus of elasticity, E , 
w w 
and Poisson1s ratio, V for isotropic materials. The shearing modulus 
assumed for use in Eq. 4.3 was derived from an analysis of the deforma-
tions which were measured in the masonry during the frame-wall tests and 
also during masonry panel tests. 
Deformation of the wall was measured during the testing of 
specimens 52H and 521 with a mechanical strain indicator on a four gage 
1 ine rosette (Appendices A and B). Using standard strain transformation 
equations, the shearing strain in the wall was obtained from the measure-
ments recorded during the 1 inear response range. The shearing modulus, 
G , was then calculated as 
w 
where: 
G 
w 
V total shear force on the structure 
(4.5 ) 
k coefficient depending on the shape of the cross section 
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(The value of k was taken as unity assuming a uniform 
shear distribution on the rectangular cross-sectional 
area of the wall.) 
A cross-sectional area of the wall 
w 
Exy = shearing strain in the wall calculated from the 1 inear 
strain measurements 
Taking a tota 1 shear of two kips as the upper 1 im i t of 1 inear response, 
the calculated shear i ng modulus, G 
w 
)was 0.44 x 106 ps i for spec imen S2H 
and 0.80 x 106 ps i for specimen S2!. Inherent in these calculations is 
th~ assumption that the wall resists the total appl ied shear. 
Additional information on the magnitude of the shearing 
modulus of the masonry was obtained from deformation measurements 
recorded during tests of masonry panels. Three masonry panels of the 
same dimensions as the walls in the frame-wall specimens were tested. 
Linear strain measurements in the panels were recorded and analyzed 
using standard strain transformation relations to determine the shearing 
strain. The shearing strain was then used to determine the shearing 
modulus, G , through the relationship given as Eq. 4.5. The shear force, 
w 
V, was taken as the total shear force on the panel. Considering measured 
strains in the 1 inear response range the values of the shearing modulus 
666 
calculated were 0.70 x 10 , 0.40 x 10 , and 0.75 x 10 psi. Section A.5 
contains a more detailed description of the method used for determining 
the shearing modulus. ~l 
l 
l 
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4.2 Effect of Number of Stories 
The first story of a multi-story single-bay infilled frame can 
be represented by the structure assumed as the basic unit for describing 
frame-wall interaction (Fig. 4.1). The moment, shear, and axial load 
acting on the basic structural unit represent loads transmitted from the 
upper stories of a multi-story structure. 
The response of the five-story one-bay test specimens (with 
no vertical load) can be described using the basic structural unit 
subjected to shear and moment only. Omitting the vertical load is 
tantamount to neglecting the dead load of the upper stories. 
The primary difference in the loading conditions for the single-
story specimens and the first-story of the five-story specimens was the 
moment transmitted from the upper stories in the case of the multi-story 
specimens. The changes which the additional moment causes in the initial 
response of the single-story frame-wall complex are indicated by the 
lateral deflection of the system. 
The lateral deflection at the first-story beam of the five-
story specimens was calculated by the 
V,B3 
following expression 
2 
where: 
c 
3EI 
kV£w Ml.e
c 
+AG +~ 
w w 
(4.6 ) 
a l lateral deflection of the structure at the first-story beam 
V total shear force on the structure 
£ distance from top of base beam to mid-height of first-
c 
story beam (16.5 in.) 
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E = modulus of elasticity of the frame -wa 11 composite material 
(assume E = E = 3 x 106 psi) c w 
I = moment of inertia of the total frame -wa 11 cross sect ion (i n~) 
Ml = moment on the structure at the level of the first-story 
beam (M 1= 36 V for the five-story specimens subjected to 
lateral loads 0.2 V per story) 
k = coefficient dependent on the shape of the cross section 
(The value of k was taken as unity assuming a uniform 
shear distribution on the rectangular cross-sectional 
area of the wall.) 
£ = he i ght of the wa 11 (15 in.) 
w 
A = cross-sectional area of the wall 
w 
G shearing modulus of the wall material (0.6 x 106 psi) 
w 
Except for the third term, Eq. 4.6 is identical to Equation 4.3 used for 
the single-story specimens and the same assumptions apply. The third 
term represents the deflection due to the flexural distortion caused 
by the moment transmitted from the upper stories. It was assumed that 
the total frame-wall complex resisted the additional app1 ied moment. The 
total lateral deflection calculated for a load of five kips was 0.006 in. 
(78 percent due to shearirig distortion). The calculated load-deflection 
relationship is shown in Fig. 4.6 along with the experimentally determined 
response in the initial range of loading for specimens F2B and F2C 
(p = 0.022 in beams and columns). 
9 
The lateral deflection measured at the top beam (fifth-story 
beam) during initial loading is shov./n in Fig. h 7 -Fr.,.. .-. I I VI spec imens F2B and C"')(' I L.\J • 
-', 
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Also shown on the figure is the load-deflection relationship, which 
was calculated for the top beam deflection using the expression 
where: 
0.158V.e; 
EI 
3KV£ 
w 
+ A G 
w w 
a5 lateral deflection of the structure at the top beam 
V total shear force on the structure 
(4.7) 
£t = total height of the structure from the top of the base 
beam to the mid-height of the top beam (88.5 in.) 
E modulus of elasticity of the frame-wall composite 
material (assume E = E = 3 x 106 ps i) 
c w 
I = moment of inertia of the total frame-wall cross section 
k coefficient dependent on the shape of the cross section 
(The value of k was taken as unity assuming a uniform 
shear distribution on the rectangular cross-sectional 
area of the wa 11.) 
£w height of the wall (15 in.) 
A cross-sectional area of the wall 
w 
G shearing modulus of the wall material (0.6 x 106 psi) 
w 
The first term of Eq. 4.7 represents the flexural component of the total. 
deflection. It is derived by considering the total frame-wall composite 
. to resist the lateral loads as a centilever beam in flexure. The second 
term of Eq. 4.7 represents the summation of the shear distortions at each 
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story. It was assumed that the total shear at each story was resisted 
by the wall only. Shearing distortion of the beams was neglected. The 
total lateral deflection calculated at the top beam for a load of five 
kips was 0.038 in. (38 percent due to shearing distortion). 
A comparison of the initial slopes of the load-deflection 
relationships shown in Fig. 4.6 and 4.7 (specimens F2B and F2C) indicated 
only small differences (less than 0.001 in. at 0.5 kips total load) 
between the calculated and experimental results for deflections at the 
first-story and fifth-story beams. The deflections measured at the first-
st~ry beam seemed to indicate a more flexible response than that calculated 
by Eq. 4.6 (Fig. 4.6). Such response could have been caused by cracks 
in the specimens prior to testing (shrinkage cracks of less than 0.001 
in. wide were observed in the frames of both specimens). However, no 
similar response was observed in measurements of the top-beam deflections 
when they were compared with the calculated load-deflection relationship 
(Fig. 4.7). Cracking should influence the top-story deflection more than 
the first-story deflection because cracking affects the flexural component 
of the total deflection. The flexural component represents 62 percent of 
the total deflection at the fifth story but only 22 percent of the total 
at the first story. It is more probable that the differences were caused "j 
! 
by greater accuracy in the measurements of the deflections at the higher 
story levels because of the magnitude of the deflection values being 
measured. 
J 
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4.3 Effect of Var i at ions i'n the Frame Re i nforcement Rat i 0 
The changes in the response of the frame-wall system due to 
variations in the frame reinforcement ratio were studied experimentally 
in the five-story specimens. The reinforcement ratio in the beams a8d 
columns of the .Specimens was varied from 0.011 (F1B, F1C) to 0.022 
(F2B, F2C) to 0.034 (F3B, F3C). 
Figures 4.8 and 4.9 show the initial portion of the curve for 
the total load vs lateral deflection at the first-story beam plotted from 
the test results of specimens F1B, F3B, and F3C. Also shown on the figures 
are load-deflection relationships which were calculated using Eq.4.6. 
Figures 4.10 and 4.11 show the load-deflection relationships for deflec-
tions measured at the fifth-story level (top beam). The calculated 
relationship shown is based on EC"J. 4.7. (The initia.l deflection of 
specimen F3B is shown as zero in Fig. 4.9 and 4.11 because the dial gages 
failed to respond initially.) In calculating the top beam deflection for 
specimens F3B and F3C, the shear modulus of the upper three panels, which 
were concrete, was assumed to be 1.2 x 106 psi. 
The influence of additional reinforcement would be to increase 
the flexural stiffness of the specimens because the additional reinforce-
ment increases the moment of inertia of the frame-wall cross section. The 
influence should be greatest at the top story where the flexural distortion 
is most significant. The top beam deflection calculated using Eq. 4.7 
varied by only 0.003 in. at a load of five kips over the range of rein-
forcement ratios considered (based on the uncracked section). This 
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calculation indicates that no measurable differences in initial response 
should be expected. Comparison of the measured top beam deflections 
(Fig. 4.7, 4.10 and 4.11) and first-story beam deflections (Fig. 4.6, 
4.8, and 4.9) in the initial loading stages for specimens FlB, F2B, F2C, 
F3B, and F3C shows no differentiable response characteristics. 
4.4 Effect of Number of Bays 
The initial response of multi-story multi-bay structures can 
also be described with reference to the basic frame-wall system shown 
in Fig. 4.1 by considering the first-story of the multi-bay structure to 
be a continuous system of frame-wall units acting in parallel to resist 
the appl ied load. The initial stiffness of the total frame~wa1l system 
would be the summation of the' individual unit stiffnesses. 
Figure 4.12 shows the initial response, in terms of total 
load vs lateral deflection, determined from tests of two-story three-bay 
specimens M2B and M2C. The deflections of the first-story beams and top 
beam (second story) are plotted in the figure. Also shown in Fig. 4.12 
are the calculated load-deflection relationships. The relationships were 
calculated assuming the total shear force to be equally distributed 
between the three panels. The flexural component of the total deflection 
was neglected. The load-deflection relationship for the first-story beam 
deflection based on the shearing distortion of the panels was calculated 
by the expression 
kV£ 
w 
3A G 
ww 
(4.8) 
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where: 
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a l lateral deflection of the structure at the first-story beams 
V total shear force on the structure 
k coefficient dependent on the shape of the cross sectiqn 
(The value of k was taken as unity assuming a uniform 
shear distribution on the rectangular cross-sectional 
area of the walls.) 
.£ height of the wall (15 in.) 
w 
A = cross-sectional area of single-wall panel 
w 
G shearing modulus of the wall material (0.6 x 106 psi) 
w 
The relationship for the top beam deflection was calculated by a similar 
expression 
0.6kV,e 
w 
A G 
w w 
(4.9 ) 
The variables are the same as those defined for Eq. 4.8 (80 percent of 
the total lateral load was appl ied at the top beam in the tests of the 
two-story specimens). In Eq. 4.8 and 4.9 the shearing distortion of the 
beams has been neglected. 
4.5 Effect of Vertical Load 
The frame-wall system shown in Fig. 4.1 represents the basic 
structural unit for an infilled frame bent subjected to lateral and 
vertical loads. In an uncracked 1 inearly elastic structure the overall 
load-deflection response of a frame-wall system with vertical load should 
not differ from the response of a system without vertical load. The 
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vertical force provides an initial compressive strain across the 
frame-wall cross section and extends the range in which the system 
remains uncracked. 
Figures 4.13 and 4.14 show the total load vs lateral defle~tion 
(at first-story beam) relationships determined from the tests of five-
story specimens P2B, P2C, P2D, and P2E. Specimens P2B and P2C were 
subjected to a constant vertical load of 5.0 kips per column. For speci-
mens P2D and P2E, the vertical load was 2.5 kips per column. The app1 ica-
tion of the vertical load is described in Appendix A. The four specimens 
subjected to vertical load had the same reinforcement ratio as specimens 
F2B and F2C (Fig. 4.6) which had no vertical load (p = 0.022 in the beams g 
and columns). Also shown in Fig. 4.13 and 4.14 are the load-deflection 
relationships calculated using Eq. 4.6 (based on uncracked section). 
The total load vs lateral deflection (top beam) relationships 
for specimens P2B, P2C, P2D, and P2E are shown in Fig. 4.15 and 4.16 
along with the relationships calculated from Eq. 4.7 (based on uncracked 
section). In calculating the top beam deflect,ions, the shearing modulus 
of the upper three panels, which were concrete, was assumed to be 
1 .2 x 1 06 ps i . 
Comparison of the load-deflection relationships for specimens 
P2B, P2C, P2D, and P2E (Fig. 4.13 through 4.16) with those for specimens 
F2B and F2C (Fig. 4.6 and 4.7) indicates no significant differences in 
the initial response between the specimens with and without vertical load. 
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Figures 4.17 and 4.18 show the load-deflection (first-story 
~d top beam deflections) measurements obtained from the tests of speci-
mens M20 and M2E which were two-story three-bay structures subjected to 
vertical aswell as lateral load. Specimen M20 had a constant verticql 
load of 2.5 kips appl ied to each column. In specimen M2E the constant 
vertical load appl ied was 5.0 kips per column. The calculated relation-
ships shown in Fig. 4.17 and 4.18 are based on Eq. 4.8 and 4.9 as was 
done for the two-story specimens without vertical load (Fig. 4.12). 
As expected, there were no major differences in the initial slopes of 
the multi-bay specimens with and without vertical load. 
4.6 Effect of Openings 
The fundamental influence of openings on the frame-wall system 
(Fig. 4.1) is to decrease the amount of wall area resisting the loads 
on the system. The frame-wall structure with openings should be m9re 
flexible than the system without openings. The effect of openings on 
the initial response of the frame-wall composite is described below for 
the one-story one-bay, five-story one-bay, and two-story three-bay 
test specimens. The physical properties of the specimens are described 
in Appendix A. 
Five one-story one-bay specimens (p = 0.022) with various g . 
types of openings were tested (Fig. A.3). Figures 4.19 through 4.22 
show the initial portion of the load-deflection (top beam) curves which 
were recorded in the tests of the one-story specimens with openings 
(specimens S2C, S2E, S2F, 520, and S2G). Also shown in the figures are 
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the calculated load-deflection relationships. The calculated relationships 
are based on Eq. 4.3 with modifications to account for the reduced wal I 
area o In the first term of Eq. 4.3, representing the flexural distortion 
of the specimen, the moment of inertia was reduced according to the size 
and location of the opening. Because the reduced moment of inertia 
represented approximately 93 percent of the total moment of inertia for 
the most extreme case (specimen S2F) and since the flexural distortion 
represented only a small part of the total deflection (eight percent 
for a specimen with no openings), the reduced moment of inertia could 
b~ assumed over the full height of the specimen to simpl ify the computa-
tions. For the second term in Eq. 4.3, representing the shearing 
distortion of the wall, the wall area was reduced at the sections 
where the opneings were located. The calculated shearing distortion 
for specimens S2C, S2E, and S2F was approximately 50 percent larger than 
the shearing distortion calculated for the specimens with no openings 
(S28, S2H, and S21). For specimens S2D and S2G with slot type openings 
the increase was approximately four percent. Additional calculated 
deflections of the specimens with openings, which resulted from the 
flexural distortions of the wall piers flanking the openings, were 
negl igible. 
Two five-story one-bay specimens with openings (H2B and H2C, 
Fig. A.ll) were tested (p = 0.022). The specimens were subjected to a g 
constant vertical load of 2.5 kips per column during testing. The total 
load plotted vs the lateral deflection measured at the first-story beam 
for specimens H2B and H2C is shown in Fig. 4.23. The load-deflection 
.. "J 
I 
l 
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relationship calculated using Eq. 4.6 is also shown on the figure. 
In using Eq. 4.6, modifications were made for the openings as described 
above for the one-story specimens. The reduced moment of inertia was 
approximately 96 percent of the total moment of inertia. Thus the 
flexural distortion terms of Eq. 4.6 were not affected significan~ly. 
Eighty-four percent of the total calculated deflection of the first-
story beam for specimens H2B and H2C resulted from shearing distortion. 
Figure 4.24 shows the total load vs the lateral deflection 
measured at the fifth story (top beam) for specimens H2B and H2C. The 
calculated load-deflection relationship which is also shown was derived 
from Eq~ 4.7 with modifications made to account for the openings. In 
calculating the top beam deflection the shearing modulus for the top 
6 three concrete filled panels was assumed to be 1.2 x 10 psi. 
Two, two-story three-bay specimens (M2F and M2G, Fig. A.24) 
with openings were tested (p = 0.022). Specimen M2G was subjected to g 
a constant vertical load of 5.0 kips per column. No vertical load was 
appl ied to specimen M2F. The total load vs lateral deflection measure-
ments (first-story and top beam deflections) for specimens M2F and M2G 
are shown in Fig. 4.25 and 4.26 along with calculated load-deflection 
relationships. The calculated load~deflection relationships are based 
on Eq. 4.8 and 4.9. The equations were modified to account for the 
openings by reducing the wall area at the sections where the openings 
were located. The calculated flexural distortions of the wall piers 
flanking the openings were negl igible. The initial deflections calculated 
for the two-story specimens with openings were approximately 50 percent 
larger than those for the two-story specimens without openings. 
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5~ DEVELOPMENT OF CRACKING 
5.1 General Remarks on the Causes and Effects of Cracking 
The development of cracking in a frame-wall system (Fig. 4.1) 
depends on the properties of the frame and wall materials, the dimensions 
of the frame and wall, and the magnitude of the shear, moment, and axial 
loads on the structure. The relationship of these factors determines 
the nature of the cracking which can occur in the frame-wall composite. 
For the particular case of frames with masonry filler walls, the 
physical characteristics of the masonry influence the orientation as 
well as the initiation of cracks which form in the walls. The bond 
between the bricks and mortar 1 imits the forces which can be transmitted 
through the masonry prior to cracking. When cracks form, they usually 
fol low paths through the mortar joints. Also, the integrity of the mortar 
joints along the interface of the walland frame affects the compatibil ity 
and shear transfer (shear flow) between the wall and frame. 
The cracks which may develop in the basic frame-wall structure 
can be ideal ized as shown in Fig. 5.1. The cracks in the tension column 
of the frame, labeled (1), result from axial tensile and bending stresses 
in the column. The horizontal crack which extends across the base of 
the structure, labeled (2), results primarily from bending (normal) --'l 
I 
stresses acting on the cross section. This type of cracking will be 
referred to as "flexural cracking". The diagonal-horizontal crack, 
labeled (3), resuJts primarily from shearing stresses acting in the wall. 
This mode of cracking will be referred to as "shear cracking". 
l 
1 
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The formation of cracks causes a decrease in the stiffness 
of the structure which is reflected by a decrease in slope of the 
load-deflection relationship for the structure. The ideal ized load-
deflection relationship shown in Fig. 5.2 illustrates the influence 
of various types of cracking on the response of the frame-wall unit. 
The chronological order of crack formation shown in Fig. 5.2 is a 
sequence encountered in some of the tests and is not necessari ly 
universal. The observed response of the test specimens indicated that 
significant changes in response of the structures are initiated when 
cracks form in the walls, even though cracks may develop first in the 
frame. This observation is reasonable considering the large contribution 
of thewall to the initial stiffness of the structure (Chapter 4). 
The cracking load for the structures was determined as the load 
required to initiate flexural or shear cracking of the system (Fig. 5.1). 
5.2 Calculation of the Cracking Loads 
(a) F..lexura 1 Crack i ng 
The load causing flexural cracking was calculated based on the 
elastic flexure formula assuming a 1 inear distribution of strain through-
out the cross section. An identical modulus of elasticity was assumed for 
the frame and wall materials. 
(1) Specimens with Sol id Walls 
The specimens with sol id walls were considered to act as a 
cantilever beam. The following expression was obtained for the flexural 
crack i ng load: 
V 
crf 
I f 
K __ t 
xtw 
(5.1) 
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where: 
K coefficient dependent on the moment-shear ratio 
f t tensile stress at cracking 
I = moment of inertia of the frame-wall composite (uncr~cked 
transformed cross section) 
distance from the neutral axis to the extreme tensile 
fiber of the wall 
The limiting tensile stress for cracking was assumed to be 100 psi at 
the extreme tensile fiber of the masonry wall. 
(2) Specimens with Vertical Load 
For specimens with vertical load, the compressive force was 
considered to be uniformly distributed over the frame-wall cross section. 
The uniform compressive stress was superimposed on the bending stress in 
calculating the cracking load. 
(3) Specimens with Openings in the Walls 
Openings in the filler walls divided the test structures into 
a system of piers which consisted of the wall and column segments 
flanking the openings. The piers were considered to be tied together 
at the top and bottom by rigid beams. The bending stresses which 
developed as the piers deflected caused cracking as shown in Fig. 5.3. 
Taking the mid-height of the piers as the point of inflection, the 
deflection and the total shear at which initial cracking occurred could 
be estimated. The cracking load was expressed as 
V 
crf (5.2) 
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where: 
K = coefficient dependent on the moment to shear ratio 
f
t 
tensile stress at cracking 
xt = distance from the neutral axis to the extreme fiber in 
tension 
moment of inertia of individual piers (uncrackedtransformed 
cross sect ion) 
The 1 imiting tensile stress was assumed to be 100 psi. The location of 
the initial cracking is indicated in Fig. 5.3. 
For the five-story structure, additional tensile stresses 
caused by the overturning moment were superimposed on those due to 
bending of the piers, resulting in a lower load than that predicted 
by Eqo 5.2. In calculating the stresses due to the overturning moment, 
a 1 inear distribution of strain was assumed over the total frame-wall 
cross section. 
(b) Shear Cracking 
The cracking load for the wall may also be governed by the 
shear capacity of the masonry. In calculating the shear cracking load, 
the panels were assumed to act as isolated elements loaded at diagonally 
opposite corners (Fig. 5.4). Using this assumption, the total shear at 
cracking is a function of (1) the geometry of the panels, and (2) the 
strength of the masonry. 
The strength of the masonry wall subjected to normal and 
transverse loads may be represented by the relationship 
f = 70 + 0.46 f wv . wn (5 .3) 
which was derived from tests of masonry panels (Appendix A). The values 
f and f are the horizontal shear stress and normal compressive 
wv wn 
stress on the masonry. 
(1) Specimens with Sol id Walls 
Assuming the stresses on the wall to be uniformly distributed 
(total appl ied shear in the wall), the following relationships were 
obta i ned: 
f V (5.4 ) 
wv A 
W 
and 
N V£ f w (5.5 ) = -= wn A A £h w w 
where A is the cross-sectional area of the wall and the other variables 
w 
are defined as shown in Fig. 5.4. Combining Eq. 5.3, 5.4, and 5.5, the 
following expression was derived for the shear cracking load: 
70 A 
V = ____ ~w~~_ 
crs 0.46 .£ (5.6 ) 1 ____ w_ 
£h 
For the three-bay structures, the cracking load was taken as 
the sum of the loads for each panel. 
(2) Specimens with Vertical Load 
To account for the initial normal compressive stress in the 
wall due to the constant vertical load, Eq. 5.6 was modified to read 
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A 
w 
(70 + 0.46 f .) 
nl 
= ----~0-.T4~6~i--------
1 - w 
(5.7) 
where f . represents the initial normal compressive stress. The vertical 
nl 
load was taken to be uniformly distributed over the frame-wall cross 
section. 
(3) Specimens with Openings in the Walls 
For the specimens with openings, it was assumed that the wall 
segments flanking the openings were loaded diagonally. Equation 5.6 
or 5.7 could then be used to calculate the shear cracking load for each 
segment by substituting the appropriate values of iw and iho The total 
load was taken as the sum of the loads for each wall segment. 
In the case of specimens with openings, the assumption that the 
total shear on the structure was carried by the wall segments results 
in a lower bound approximation to the actual cracking load. For the 
one-story specimens, with openings accounting for 50 percent of the wall 
cross-sectional area, as much as 30 percent of the shear may be carried by 
the frame. 
The procedure for calculating the shear cracking load is 
illustrated graphically in Fig. 5.5. Equation 5.3 is shown as the solid 
1 ine plotted in terms of the shear vs the normal stress. The broken 
1 ines represent the diagonal thrust on the panels: the inclination of 
the load line is determined by the length to height ratio of the panel. 
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At the intersection of the load line with the masonry failure envelope, 
the limiting shearing stress for wall cracking is determined. 
The observed and calculated cracking loads for the test 
specimens are summarized in Table 5.1. The calculated values indicate 
that: (1) the shear capacity of the wall governs the cracking load for 
the one- and two-story specimens with solid walls, (2) the cracking load 
for the five-story specimens is limited by the bending stresses in the 
first-story panel, and (3) the bending stresses developed as the piers 
distort limit the cracking load for the specimens with openings. 
In the following sections the modes of cracking observed in 
the test specimens are discussed and compared with the calculated results. 
The appl icabil ity of the methods of estimating the cracking loads is also 
discussed. 
5.3 Development of Cracking in the One-Story Specimens 
(a) Observed Response 
One-story one-bay specimens without openings in the filler walls 
are representative of the basic frame-wall unit subjected to lateral load 
only (Fig. 4.1). Three structures were tested: specimens S2B, 52H, 
and 521. A description of the test specimens is given in Appendix A. 
The test results are presented in Appendix B. 
The load at which cracks formed in the test specimens was 
determined on the basis of deformation measurements made during the tests. 
The location of cracks was determined by visual inspections made after 
each loading increment. Cracks were usually indicated by the deformation 
measurements before they were detected visually. 
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As mentioned in Chapter 4, the response of the frame-wall 
system is bounded by the behavior of the frame and the wall acting 
independently. The initial response of the one-story specimens was 
governed primarily by the shearing rigidity of the wall. Independent 
frame action was minimal. Figure 5.4 shows, to an exaggerated scale, 
the deformed structure. Actually, no separation of frame and wall was 
observed prior to more advanced stages of loading. However, bending 
distortion of the columns was detected from the measured strains in the 
steel. This behavior was observed until cracking occurred in the wall. 
The measured steel strains gave some insight into the response 
of the frame. In Fig. 5.6 ideal ized load-strain relationships for the 
one-story structures are shown. The strains measured at the top and 
bottom of the tension column show bending as well as axial deformation. 
The direction of the curvature at the top and bottom of the column indi-
cates a point of inflection at some point in the column. Significant 
decreases in the slope of the relationships occurred when the wall cracked. 
These curves indicated that the load in the frame was carried through 
bending as well as through axial forces. Comparable results were observed 
for the compression column. 
Deformations measured in the wall during the initial stages of 
loading showed the shearing distortion of the masonry panel. Ideal ized 
load-wall strain relationships for the one-story specimens are shown in 
Fig. 5.7. The average strain over a lO-in. length was obtained from the 
measured deformat ions. When crack i ng occurred in the wa 11 (wi th i n the 
area covered by the measurements), a significant decrease in the load-
strain relationship was observed. 
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The movement of the frame and wall, as interpreted from the 
measured strains, was compatible with the assumption that the wall 
acts as a diagonally loaded, isolated element. During the initial 
response stage, the relationship of load to lateral deflection of the 
top beam was practically 1 inear. When the wall cracked the slope of the 
load-deflection curve decreased rapidly. 
Cracking of the wall also caused the vertical deflection of the 
tension column to increase rapidly with respect to load. Before the 
wall cracked the vertical deflection was almost zero. 
The deformation measurements for the one-story specimens 
clearly indicated that the formation of cracks in the masonry wall marked 
the first significant change in the initial response of the structure. 
(b) Comparison of Calculated and Observed Cracking Loads ··1 
The calculated and observed cracking loads for specimens 52B, 
S2H, and 52! are included in Table 5.1. 
For specimens S2H and 52! the observed and calculated values 
were in agreement. The calculations indicated that the shear mode of 
cracking should govern the initiation of wall cracking. This was 
consistent with the observed response. The cracks, detected visually, 
followed a path through the mortar joints in a pattern similar to that 
shown in Fig. 5.1 for the mode of cracking designated as shear cracking. 
Specimen S2B had a strength significantly greater than its 
companion specimens, S2H and 521. The initial cracking which occurred 
in the wall of specimen S2B was of the flexural type (Fig. 5.1). When 
this crack formed, only slight changes in the response of the measured 
l 
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deformations were observed, except for: (1) the strains measured in 
the reinforcement at the base of the tension column, and (2) the 
vertical deflection of the tension column. This result would be expected 
because the measurements affected are those which would be sensitive·to 
flexural cracking. Shearing cracks in the wall did not form in specimen 
S2B until a load of nearly twice the initial cracking load was reached. 
The excessive strength of specimen S2B could not be attributed expl icitly 
to differences in the material properties or in the manner of testing 
the specimen. 
5.4 Effect of Number of Stories 
(a) Observed Response 
The visible phenomena in the five-story one-bay structures 
tested were confined primarily to the lower two stories, particularly 
the first story. In the five-story specimens flexural cracking of the 
first story occurred initially in a manner similar to the cracking of 
a slender cantilever beam. The moment-to-shear ratio at the base of the 
five-story structure was 2.9 times the ratio for the one-story structure. 
Specimens F2B and F2C (p = 0.022), which were five-story g 
structures with no vertical load, had the same amount of reinforcement 
as the one-story specimens (S2B, S2H, and 521) discussed in Section 5.1. 
The data from the tests of the specimens is given in Appendix B. 
In the one-story structures, independent bending of the columns· 
was observed. This was not the case for the five-story specimens. The 
strains measured in the column reinforcement the five-story structures 
indicated axial deformation of the columns. Large increases in strain 
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were observed with the initiation of cracking but no significant s'train 
gradient across the width of the columns was measured. These results 
impl ied that the system was bending as a cantilever beam with the wall 
and frame acting primarily as a single unit. 
(b) Comparison of Calculated and Observed Cracking Loads 
The calculated and observed cracking loads are given in Table 
5.1. The calculations indicated that flexural stresses governed. This 
result is in agreement with the observed response. In specimens F2B and 
F2C the initial flexural crack (Fig. 5.1) was observed at the top of 
the first-story masonry'wall along the horizontal joint between the 
frame and the panel. 
(c) Shear Cracking of the Five-Story Specimens 
Although flexural cracks formed initially in the five-story 
specimen, shear cracking (Fig. 5.1) was observed at later stages of 
loading. 
In calculating the load to cause shear cracking (Table 5.1), 
the wa 1·1 pane 1 s were cons i dered to act as i so 1 ated element s d i agona 11 y 
loaded. The observed respons~ of the test specimens indicated the wall 
panel in .the first story was isolated from the frame, to some degree, 
before the formation of shearing cracks (Fig. 5.4). 
5.5 Effect of Variations in the Frame Reinforcement Ratio 
(a) Observed Response 
The frame reinforcement ratio varied in the five-story 
structures. The reinforcement ratio in the frame members was varied from 
0.011 (Fl B, F1C) to 0.022 (F2B, F2C) to 0.034 (F3B, F3C). In these 
specimens the development of initial cracking was attributed to bending 
stresses. 
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Varying the amount of frame reinforcement changes the moment 
of inertia of the frame-wall cross section. The moment of inertia of 
the cross section has a direct influence on the cracking load. However, 
the moment of inertia for test specimens with the maximum reinforcem~nt 
ratio of 0.034 was only about 14 percent larger than that of specimens 
with the minimum reinforcement ratio of 0.011. Thus, considering the 
variabil ity of the material properties and workmanship which was 
possible, it was not expected that a definite trend reflecting the amount 
of reinforcement would be observed in the test results. 
(b) Comparison of Calculated and Observed Cracking Loads 
The calculated and observed cracking loads are given in 
Table 5.1. The agreement is reasonable. The cracks observed in the 
specimens formed either at the top or bottom of the first-story masonry 
wall along the horizontal joint between the wall and the frame. The 
observed cracking load showed some tendency to increase with respect 
to the moment of inertia of the composite. 
5.6 Effect of Number of Bays 
(a) Observed Response 
Two of the two-story three-bay specimens tested had no openings 
or vertical load. These were specimens M2B and M2C (Table 2.1). The 
results obtained from the tests of the specimens are presented in 
Appendix B. The discussion below will be 1 imited to the phenomena which 
occurred in the first story of the structure. 
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Prior to cracking, the stiffness of the two-story structures 
was dependent primarily on the shearing rigidity of the walls. The 
measurements of strains in the reinforcement indicated that some 
independent bending distortion of the columns was taking place as well 
as axial deformations. 
Cracking of the two-story structures (M2B and M2C) initiated 
in the wall panel in the first story at the windward end of the specimen 
,I. 
(Panel W11"). At later loading stages, cracks formed in the middle 
. ...• , 
panel (W12) and, finally, the leeward panel (W13). Apparently, normal 
fprces perpendicular to the transverse cross section of the wall, which 
were caused by the overturning moment on the structure, influenced the 
initiation of cracking in the panels. This observation was supported by 
the results of deformation measurements made in the columns of the frame 
and on the vertical center 1 ine of the walls prior to cracking. The 
deformation measurements indicated vertical extensions of the windward 
masonry wall (Wll) and of the two columns (Cll and e12) on either side 
of the wall. The measurements of the vertical deformations also indicated 
that the leeward wall (W13) and the columns adjacent to it (C13 and 
C14) were compressed slightly. 
The cracks which formed in the walls were shearing cracks 
(Fig. 5.1). However, in specimen M2B a flexural crack was detected 
.... , 
visually after the first loading increment had been app1 ied. The crack 
was located in the windward masonry wall along the horizontal joint 
,I. 
"Member designations are given in Appendix C. 
l 
43 
between the wall and the base beam of the frame. It is 1 ikely that this 
crack was caused by some flaw in the joint. The presence of the crack 
did not affect the response of the structure significantly. 
Generally, the initial stages of response in the two-story. 
structures were similar to those observ~d in the one-story specimens. 
The significant difference was the influence of the forces normal to 
horizontal cross-sectional area of the wall panels. 
(b) Comparison of Calculated and Observed Cracking Loads 
A summary of the observed and calculated cracking loads is given 
inTableS.l. 
Comparison of the observed and calculated loads reflects the 
fact that the calculated values of the cracking load do not account for 
any normal forces in the panels which are caused by overall bending of 
the structure. 
5.7 Effect of Vertical Load 
(a) Observed Response 
A vertical compressive force causes an increase in the cracking 
load because the appl ication of a vertical load, before the lateral load 
is appl ied, results in an initial compressive strain over the frame-
wall cross section. 
In the test specimens the vertical load was appl ied by pre-
stressing the columns of the structure (Appendix A). It was held 
constant during the appl ication of the lateral load. In Table 2.1, the 
five-story and two-story specimens which were subjected to vertical loads 
are 1 isted. The test data for the specimens are given in Appendix B. 
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Strains were measured in the column reinforcement after the 
appl ication of vertical load. The results of these measurements indicated 
that the average strain could be taken as uniform over the frame-wall 
cross sect ion. Curvature of the individual column cross sections was 
observed from the measured strains. The curvatures were most 1 ikely 
caused by eccentricity of the column load with respect to the centroid 
of the cross-sectional area of the columns. Vertical deformation of the 
walls was measured in the two-story structures after the vertical load 
was appl ied. The results of these measurements were consistent with the 
measurement of strains in the columns: the compressive strain distri~ 
bution resulting from the appl ied vertical load was practically uniform 
over the frame-wall cross section. 
The response of the specimens with vertical load, as determined 
from the measured deformations, was similar to that described for the 
specimens without vertical load prior to cracking (Chapter 4). Cracking 
in a structure with vertical load took place at a higher load than for a 
comparable structure without the vertical load (Sections 5.5 and 5.6). 
The walls of the two-story structures with vertical load, M2D 
and M2E, did not crack in, succession, as they did in the structures sub-
jected to lateral load only. If the walls cracked successively, it 
happened rapidly enough so that it was not detected by the measured defor-
mations. The presence of vertical force in the walls increased their shear 
capacity, allowing greater shear forces to be carried by the structure. 
If cracks formed in one wall panel, its stiffness relative to the other 
.. - I 
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panels was reduced, causing a redistribution of load to the intact panels. 
Because of the high shear force on the structure, the uncracked panels 
could not sustain the additional load and they cracked soon after initial 
cracking developed. This was not the case for the structures without 
vertical precompression as discussed in Section 5.6. 
(b) Comparison of Calculated and Observed Cracking Loads 
A summary of the observed and calculated cracking loads is 
presented in Table 5.1. 
In the five-story structures with vertical" load, the initial 
cracking which developed in the wall was the type defined as flexural 
cracking (Fig. 5.1). Cracks formed at the bottom of the first story 
along the wall-frame interfaces adjacent to the tension column and base 
beam of the frame. The cracks in the joints propagated outward from 
the column-beam intersection (Fig. 5.1). The agreement between the 
calculated and observed values is good. 
Shear cracking (Fig. 5.1) developed in the two-story specimens 
with vertical load as was expected from the calculated loads. 
5.8 Effect of Openings 
(a) Observed Response 
In this section the mode of cracking observed in the specimens 
with openings is described. The specimens which had openings in their 
filler walls are indicated in Table 2.1. 
Openings in the filler wall increase the flexibil ity of the 
frame-wall system (Secti~n 4.6). They also cause a change in the pattern 
of cracking. Cracking which developed similarly to that shown in Fig. 5.3 
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was observed in the test specimens. The pattern of cracking impl ied that 
the piers on either side of the openings were bending as columns fixed 
at the bottom and connected by a rigid beam at the top. The system of 
piers was ideal ized as shown in Fig. 5.3. A point of inflection was 
assumed at the mid-height of the piers. 
In the two-story specimens, strains were measured in the 
reinforcement at the mid-height as well as at the top and bottom of the 
columns. Curvatures of the columns were determined from the strain 
measurements and they were consistent with the assumed behavior. At 
the mid-height of the columns, the measured curvature was usually quite 
small. This result would be expected if a point of inflection were 
located near mid-height. 
(b) Comparison of Calculated and Observed Cracking Loads 
Cracking loads for the specimens are summarized in Table 5.1. 
Flexural cracking in the piers (Fig. 5.3) was observed in all specimens. 
The calculations also indicate that this type of cracking should govern. 
For the one-story specimens with openings, the correlation 
between the observed and calculated cracking loads is not good. The 
calculations, based on the ideal ization described above, underestimate 
the cracking load. This was not the case for the five- and two-story 
specimens where the observed and calculated values are in reasonably 
good agreement. 
Variations in the observed cracking load of as much as 40 percent 
were found in specimens which were, in theory, identical. However, even 
l 
l 
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larger variations do not real istically account for the discrepancies 
in the measured and calculated values, particularly since the difference 
in every case points to an underestimation of the observed cracking 
load. It is apparent that the bending distortion cfthe piers, assum~d 
for the calculations, was not a real istic representation of the actual 
distortion. This assumption attributed too much of the distortion of the 
piers to bending. In comparison, the calculated load for shear cracking 
(Table 5.1) overestimates the cracking load in all but one case (noting 
that the values given in Table 5.1 are a lower bound to the shear 
cracking load as explained in Section 5.2). Actually, the load to 
initiate cracking must fall within some transition range between the 
values calculated for bending or shearing of the pier segments. How-
ever, this transition range is difficult to evaluate without more precise 
knowledge of the actual distortion (as well as the distribution of stress 
and strain) of the structure in the elastic range. 
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6. YIELDING OF THE FRAME REINFORCEMENT 
6.1 General Remarks 
The respon~e of the frame-wall system (Fig. 4.1) subsequent to 
the development of cracks is indicated by the nonl inear portion of the 
load-deflection relationship, as shown in Fig. 3.1. The relationship 
reflects a decrease in stiffness of the system with increasing load. 
The reductions in stiffness result primarily from the propagation of 
cracks in the structure. The range of non1 inear response continues 
until the capacity of the system is reached. 
The strength of the frame-wall system may be 1 imited by the 
capacity of the tension columns. Depending on the slenderness of the 
structure and the moment-to-shear ratio of the loads, sufficient tensile 
forces can be developed to cause yielding of the reinforcement in the 
columns before the shearing capacity of the structure is attained. This 
mode of developing the capacity of the frame-wall structure will be 
referred to as "beam action
"
, since it is similar to the behavior of 
a slender cantilever beam. The "beam act i onl! mode of behav i or, as 
observed in the five-story specimens, will be discussed in the sections 
following. 
Beam type action was not significant in the one-story or two-
story test specimens. Relative to the five-story specimens, the one-
and two-story structures represented very deep members subjected to 
loads resulting in low moment-to-shear ratios. Yielding of the column 
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reinforcement due to axial forces did not develop but another mode of 
response, which will be discussed in Chapter 7, developed first. 
The capacity of the structures with openings was also governed 
by another mode of response which developed before the column axial 
capacity was reached. The openings resulted in a different distribution 
(compared to sol id walls) of the load transmitted through the structure. 
The response of the structures with openings, subsequent to cracking, 
is also discussed in Chapter 7. 
In the remainder of this chapter the observed response of the 
five-story specimens, which demonstrated beam type action, will be 
discussed. The methods of calculating the load capacity and the deflec-
tions of the structures, with regard to yielding- of the frame reinforcement, 
are also described. 
6.2 Calculation of Yielding Load 
The load required to initiate yielding of the column reinforce-
ment in the five-story specimens was calculated by assuming the total 
moment at the base of the structure to be resisted by the couple resulting 
from the axial forces in the columns. Figure 6.1 shows the system of 
fO~'es assumed for calculating the capacity of the structure. The 
bending moment at the base of the compression column was neglected. Using 
the system of forces shown, the following equation was derived: 
A f d 
sc y e 
52.5 (6.1) 
where: 
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Vb ultimate load assuming beam action 
A = total area of reinforcement in column 
sc 
f yield strength of reinforcement y 
d = effective lever arm for resisting couple 
e 
The effective lever arm was taken as the distance from the center of the 
tension column to the centroid of the exterior reinforcement in the 
compression column based on indications that, at loads nearing the 
capacity of the structure, cracks had propagated through the wall and 
into the compression column. 
Vertical load was accounted for by modifying Eq. 6.1 to allow 
for the constant force appl ied to the columns. These forces helped to 
resist the overturning moment and increase the capacity of the system. 
The vertical forces were appl ied through the centroid of the column cross 
sect ion. 
In Table 6.1 the maximum load which the structure carried is 
compared with the calculated yielding load. 
6.3 Calculation of Deflections at Yielding Load 
Three sources which allow lateral movement of the structure 
were considered in calculating the total deflection corresponding to 
the y i e 1 ding load for beam act ion: (1) bend i ng distort ion, (2) shear i ng 
distortion, and (3) rotation caused by slip of the column reinforcement. 
Deflections due to bending were calculated assuming that the 
distribution of strain over the cross section is 1 inear. The moment and 
shear diagrams for the structure are given in Fig. 6.1. An elastic 
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modulus of 3 x 106 psi was assumed for the frame and wall materials. A 
reduced moment of inertia for the frame-wall cross section was used at 
sections where the app1 ied moment exceeded the cracking moment. This 
was based on the fully cracked section with the modulus of elasticity 
of steel taken as 30 x 106 psi. 
Deflections due to shearing distortion were calculated as 
described in Chapter 4 using a shearing modulus of 0.6 x 106 psi. This 
modulus is not strictly app1 icab1e since in the test structure the lower 
panels are cracked by the time the yielding load is attained. The 
effects of this assumption were most apparent in the first-story deflec-
tion because at this level the shearing distortion has its greatest 
influence on the total lateral deflection. 
The final component of the calculated deflection was caused by 
sl ip of the reinforcing bars in the tension column as the yield stress of 
the steel was developed. Slip of the bars was calculated at the base of 
the first-story tension column. The vertical movement resulting from 
the slip causes a rotation of the structure: ~ rigid body rotation 
about the exterior reinforcement in the compression column was assumed 
(Fig. 6.2). Thus, the additional lateral deflection at each story was 
a function of the amount of slip and the height of the story. The sl ip 
was calculated based on the assumption of a 1 inear bond stress distribu-
tion as indicated in Fig. 6.2. The development length, ~b' was calculated 
from the expression 
(6.2) 
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where: 
db = diameter of bar 
f yield strength of reinforcement y 
fb = unit bond stress 
The unit bond stress was taken as 300 psi for the 0.177-in. diameter wire 
and 600 psi for the O.3l25-in. diameter bars. The bond characteristics of 
the reinforcement are described in Appendix A. Knowing the anchorage 
length, the slip was calculated by determining the total extension of 
the reinforcement over the anchorage length (Fig. 6.2). For a triangular 
di~tribution of bond stress the following equation resulted for the value 
of the slip: 
.tb f 
a - y b - 2E (6.3 ) 
s 
The s 1 i p , ab , reduces to a function of the anchorage length .tb , and the 
strain in the reinforcement at yield. 
The three components of the lateral deflection were summed to 
determine the total deflection corresponding to the y'ielding load. 
In the following sections the observed and calculated load-
deflect ion relat ionships for the five-story specime'ns are compared 
(Fig. 6.4 through Fig. 6.8). 
6.4 Development of Yielding in the Tension Column Reinforcement of the 
Five-Story Specimens 
In Fig. 6.3 the deformation of the first-story of a five-story 
specimen, after the formation of flexural cracks, is shown. The overturn-
ing moment on the structure is resisted primarily by the couple resulting 
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from the axial forces in the columns, while the shear is resisted 
primarily by the masonry wall. The events occurring at this stage of 
behavior are largely dependent on the amount of reinforcement in the 
columns. For low percentages of column reinforcement, the column steel 
will yield before shear cracking (Fig. 5.1) of the wall occurs. For high 
percentages of reinforcement, the formation of shearing cracks in the 
wall will precede the yielding of the column reinforcement. The formation 
of shearing cracks in the wall does not necessarily preclude the develop-
ment of yielding in the frame reinforcement. Of course, the amount of 
reinforcement may be high enough so that the shearing capacity of the 
structure is exceeded before the reinforcement in the column yields. 
These effects are,.clearly illustrated by comparing the observed 
and calculated load-deflection relationships for the five-story test 
specimens. The curves are given in Fig. 6.4 through 6.8. In each 
figure, lateral deflections measured at the first-story and top beam are 
plotted as sol id 1 ines. The calculated relationships for beam action 
are shown as the broken 1 ines. 
Two stages of response are indicated by the broken lines. The 
first stage corresponds to the initial response of the structures as 
described in Chapter 4. For the five-story specImens, the initial stage 
is terminated by flexural cracking (Chapter 5). The second stage 
corresponds to the response of the cracked specimen calculated for beam 
action, as described previously. Thisstage is terminated when the rein-
forcement in the tension column yields. 
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Specimens F1B and F1C were the most 1 ightly reinforced of the 
five-story structures. In comparing the calculated and observed 
response (Fig. 6.4), the results are reasonable for the top beam 
deflections. However, for the first-story beam, the calculated values 
indicate a much stiffer re~ponse. In determining the deflection at 
yield (Section 6.3), the shearing component was based on the elastic 
shearing modulus. At loads nearing the ultimate capacity of the struc-
ture it is probable that some "softening" of the wall has occurred as 
a result of the inelastic behavior of the material at ,higher loads, 
and because of cracking. These phenomena are difficult to evaluate 
quantitatively. Neglecting this softening effect influences the calcu-
lated deflections of the structure at the first story to a much greater 
extent than at the top. Shearing distortion accounts for about 24 percent 
of the calculated deflection at the first story but only about 7 percent 
at the top story, which is influenced primarily by bending distortion. 
In both specimens, the wall panel in the first story acted 
essentially as an isolated element. Extensive cracking did not occur, 
indicating that the capacity of the structure was attained at loads 
which were not large eno~gh to cause extenslve cracking in the wall. 
In fact, at the calculated yielding load, the total shear in the first 
story was approximately the same as would be required to initiate shearing 
cracks in the wall. (In Fig. 6.4, the circles indicate the shear 
cracking load and triangles indicate the yielding load.) 
Judging from the cracks which formed in the tension column of 
specimen F1B (Fig. 6.9), the reinforcement in the first-story column was 
.... \ 
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probably unbonded by the time the ultimate load was reached. However, 
because the bars were anchored into the base using a 90 degree hook, 
it is unl ikely that the reinforcement was pulled out of the base. No 
bond distress was indicated in the crack pattern observed for specimen 
F1C (Fig. 6.10). 
The response of specimens F1B and F1C was considered typical 
of the "beam act i on II mode of behav i or 
6.5 Effect of Variations in the Frame Reinforcement Ratio 
By i ncreas i ng the percentage of re i nforcement in the frame 
members, the magnitude of the load required to cause yielding of the 
tension column is increased (Table 6.1). However, for the percentages 
of reinforcement used in this investigation, no changes in the calculated 
shear cracking load of the wall result from the additional frame 
reinforcement (Chapter 5). Consequently, specimens with larger amounts of 
reinforcement are more 1 ikely to develop the shearing capacity of the. 
wall prior yielding of the frame reinforcement. 
A comparison of the observed and calculated load-deflection 
relationships for the specimens with percentages of reinforcement larger 
than that in specimensF1B and F1C indicates that the structures were 
much more flexible than was predicted on the basis of beam action 
(Fig. 6.5 and 6.6). The flexibil ity resulted from the shearing cracks. 
As cracks form, the shearing rigidity of the wall is reduced, resulting 
in greater deformations. The comparison is better for the top beam than 
the first-story beam. 
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On the basis of the load-deflection relationships it is evident 
that the response of specimens F2B, F2C, F3B, and F3C cannot be defined 
simply by assuming beam action, as was the case for specimens F1B and 
F1C. Although the capacity of specimens, except for F3B which failed 
somewhat prematurely, could be defined by the calculated yielding load, 
the deflections could not be determined in this manner. Chapter 7 
includes an extended discussion of the response of the structures 
subsequent to the formation of cracks in the interior of the walls. A 
hypothesis for describing the response of the structures is given which 
leads to a more reasonable estimate of the deflections. 
6.6 Effect of Vertical Load 
The addition of vertical load on the structures effects an 
increase in the shearing capacity of the wall as well as an increase in 
the yielding load for the structure. These loads are shown in the load-
deflection relationships given in Fig. 6.7 and 6.8 for the five-story 
specimens with vertical load. The circles indicate the shear cracking 
load and the triangles indicate the yielding load. 
Comparison of the calculated and measured load-deflection 
response yields the same conclusions discussed in the previous section. 
This result was expected since cracks formed in the interior of the 
wall before yielding of the tension column occurred. 
It is evident that if the frame is reinforced so that yielding 
of the reinforcement in the tension column precedes the formation of 
shearing cracks (Figo 5.1) in the walls, the response of the structures 
.. ', 
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may be reasonably estimated on the basis of beam action. If shearing 
cracks form in the wall prior to the development of the yielding capacity 
of the frame, the actual response of the structure after the formation 
of the shear cracks differs from that described by the ordinary behavior 
of a slender beam. 
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7. RESPONSE OF FRAME CONTAINING A CRACKED WALL 
7.1 Development of a Frame Braced by Segments of a Cracked Wall 
This chapter describes the behavior of the frame-wall system 
(Fig. 4.1) subsequent to the formation of shearing cracks in the walls 
(Fig. 5.1). A general description will be given in this section with the 
details explained in the following sections. 
For the structures tested in this investigation, the strength 
of the system was not limited by the shearing capacity of the masonry wall, 
which was determined in Chapter 5. However, the development of cracks 
within the walls did initiate changes in the overall response of the 
system. 
Once cracks formed in the walls, the rigidity of the frame-wall 
system was reduced considerably. The behavior of the system became more 
dependent upon the material and geometric properties of the frame, 
which was braced by the segments of masonry wall between the cracks, as 
described below. 
The pattern of cracking which was characteristic of the, one-
story specimens is given in Fig. 7.1 to illustrate the mode by which the 
structures were resisting the appl ied load. The pattern shown represents 
the cracks which were observed at advanced stages of loading. The crack 
pattern indicates that, after shearing cracks formed in the wall, the lower 
portion of the tension column was braced by the bottom segment of the 
wall. The upper segment of the wall formed a haunch at the intersection 
of the compression column with the top beam. Also illustrated in the 
", 
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crack pattern of the columns shown in Fig. 7.1 is the tendency of the 
unbraced portions of the columns to bend about the wall segments. This 
structural system wi 11 be referred to as a "knee-braced-frame ll system. 
The braces were essential in reducing the effective height. 
of the columns allowing higher loads to be carried. In addition, some 
load was transmitted through the wall segments by friction. The 
capacity of the braced columns and the force developed through friction 
of the wall panels represented the major load-carrying mechanism of the 
knee-braced-frame system. 
The overall response of the frame-wall structure after the 
initiation of shear cracking is indicated by the nonl inear portion of 
the load-deflection relationship (Fig. 3.1). The knee-braced-frame 
system is considerably more flexible than the frame-wall system prior 
to the formation of cracks in the walls. 
In the following sections a hypothetical model for the braced-
frame behavior, as described above, is developed. Although the model is 
not strictly representative of the behavior of the frame-wall system 
following shear cracking, it does provide a means for estimating quanti-
tatively the load capacity (and corresponding deflection) of the system. 
The res u 1 t s obt a i ned us i ng the knee -br aced -f r ame, mode 1 are pre se nted 
and discussed in relation to the observed response of the test specimens. 
7.2 A Hypothetical Model for the Frame-Wall System Subsequent to 
Cracking of the Wall 
Based on phenomena observed during the tests, the concept 
of the frame being partially braced by the walls was developed. 
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Knee-braced-frame behavior may be ideal ized for one-bay structures as 
shown in Fig. 7.2. The effective length of the tension and compression 
columns is reduced by the braces formed from the wall segments. 
In calculating the strength of the system, it was assumed 
that the capacity of the braced co}umns was de~eloped by yielding of 
the sections at the ends of the clear span of the columns. The clear 
span of the columns is defined in this case as the effective height of 
the column, i ,which is the height of the wall panel, £ , less the 
ce w 
height of the wall brace, ib . 
race 
It is difficult to evaluate the amount of load transmitted 
through the wall by frictional forces (Fig. 7.2). Frictional forces can 
develop along the interfaces of segments of the cracked wall because of 
normal forces carried by the wall. Unfortunately, no general criteria 
have been developed for incorporating these effects quantitatively into 
the framework of the hypothetical model for the system. By not accounting 
for frictional forces, the capacity of the frame-wall" system, as calcu-
lated by the knee-braced-frame model, should be underestimated. 
Deflections were calculated by assuming that the unbraced portions 
of the columns were free to distort (Fig. 7.2). This assumption implies 
that a significant portion of the wall does not contribute to the stiff-
ness of the system. In the actual structure, only the compression column " "1 
is free to deflect. However, the restraint of the wall on the upper por-
tion of the tension column is ignored since the segments of cracked wall 
in the upper portion of the panel may translate. 
l 
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7.3 Calculation of the Load Capacity Using the Knee-Braced-Frame Model 
In this section the procedure used for calculating the ultimate 
capacity of the system, based on the assumption of the knee-braced-frame 
model, is described. Any assumptions or approximations which were u~ed 
are stated. 
Since frictional forces were not included, the calculation of 
the load capacity of the knee-braced-frame system (Fig. 7.2) was reduced 
to determining the load necessary to develop the yield capacity of the 
braced columns. The following expression was used; 
where: 
V 
max 
M 
Y 
.£ ce 
y 
y 
V =\ 
max L 
total load capacity of structure 
yield capacity of section considered 
effective height of column 
number of columns 
(7. 1 ) 
Because the reinforcement was not symmetrically located in the column 
cross section (for p = 0.022), the yield capacity of the column section g 
differs depending on the direction of curvature. However, the difference 
was small and was neglected in the calculations. The effects of axial 
loads, which developed in the columns due to the overturning moment, 
were not included in calculating the capacity: the increase in the 
moment capacity of the compression column was offset by the decrease in 
capacity of the tension column. The yield capacity of the section~ was modi-
fied, as described later, to account for the effect of the appl ied vertical 
load. 
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(a) Specimens with Sol id Walls 
For one-bay structures with sol id walls, the brace height 
(Fig. 7.2) was taken at mid-height of the wall panel in the first story. 
Thus, the effective height of the columns was equal to half the height 
of the wa 11 • 
The brace height developed is a function of the shearing 
capacities of the masonry wall and the tension column which is supported 
by the wall. If the wall is considered to act as a diagonally loaded, 
isolated element (Fig. 5.4), it is reasonable to expect the initial shear 
cracking to develop at the center of the panel (Carter and Smith, 1969; 
Liauw, 1970). With the formation of a horizontal shearing crack, the 
tension column is braced at the mid-height of the panel by the lower wall 
segment. If shear forces sufficient to crack the lower segment.of 
the wall cannot be carried through the unbraced upper portion of the 
column, the brace height remains at the mid-height of the panels. 
The effective height of the columns in the three-bay structures 
was also taken as half the height of the wall. The hinges in the interior 
columns were taken at the quarter points of the total clear height of the 
column as indicated in Fig. 7.3. 
The results of the calculations are tabulated along with the 
observed results in Table 7.1. In almost every case the observed capacity 
is in excess of the calculated value. As mentioned above, one of the rea-
sons for the underestimation of the, observed response is the presence of 
frictional forces which can develop because of normal force induced in the 
walls by the overturning, moment on the structure. Frictional forces were 
l 
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not included in the calculated results. The influence of frictional 
forces is particularly evident for the three-bay specimens. This would 
be expected because of the greater probabi lity, in the three-bay struc-
tures, of the overturning moment being resisted, in part, by normal 
compressive force in the leeward wall panels. 
Also included in· Table 7.1 are the results obtained for 
specimens which had a constant vertical load appl ied to the columns. The 
addition of the vertical loads required sl ight modifications in the 
procedure for calculating the load capacity. 
(b) Specimens with Vertical Load 
Two modifications were made to the procedure described above to 
account for the constant vertical load: (1) the yield moment used in 
Eq. 7.1 was adjusted for the axial column force, and (2) the total shear 
force was increased to include the frictional force caused by the normal 
compressive force appl ied to the wall. 
The vertical load on the columns was assumed to be uniformly 
distributed over the frame-wall cross section in order to calculate 
the force in the columns and in the wall (transformed cross-sectional 
area, taking E = E = 3 x 106psi and E = 30 x 106psi ). 
c w s 
Once the force in each column was obtained, the yield capacity 
was determined from the axial load-moment interaction diagram for the 
critical sections. Equation 7.1 was then used to calculate the capacity 
of the specimen. 
Vertical load also induces a normal force in the wall. From 
the normal force a horizontal frictional component of force was calculated. 
The coefficient of friction was taken to be 0.46 on the basis of the 
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masonry panel tests (Appendix A). This frictional component was added 
to the shear force calculated from Eq. 7.1 to give the values reported 
in Table 7.1. 
The distinction between the horizontal frictional force re~u1ting 
from the app1 ied vertical load and that resulting from normal compressive 
force caused by the overturning moment should be emphasized here to avoid 
confusion. The former was accounted for in the calculations while the 
latter was not. 
Comparison of the observed and calculated results for the 
specimens with vertical load reflects the influence of the frictional 
force. 
The knee-braced-frame model was also used as a means for 
estimating the capacity of the specimens with openings. 
(c) Specimens with Openings 
The capacity of the specimens with openings was estimated 
using Eq. 7.1. The effective height of the columns was a function of the 
.size and location of the openings. 
Figure 7.4 shows the brace locations assumed for a specimen 
with a typical opening. The tension column was taken to be braced at 
a height level with the bottom of the opening, while the compression 
column brace was taken at a height level with the top of the opening. 
-----) 
I 
I ~ith the brace locations determined in this manner the effective length 
of the columns was estab1 ished and used in Eq. 7.1 to calculate the 
capacity of the system. Axial loads were accounted for in the same 
manner as described previously. 
--, 
I 
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The observed and calculated load capacities for specimens with 
openings are presented in Table 7.2. In some cases, particularly for 
the one- and two-story structures, the observed results are considerably 
underestimated. This difference results because the wall segments flank-
ing an opening can transmit considerable load even though they are 
cracked. For example, the segment of wall adjacent to the tension column 
was usually isolated by cracks which formed as the loading progressed. As 
the tension column distorted, the wall segment displaced horizontally by 
sl iding over the wall segment located below the opening. Apparently 
force was developed at the interface of the wall segments as a result of 
friction and mechanical interlock. 
The deflection of the structures· corresponding to the maximum 
load may be estimated using the knee-braced-frame model as explained 
below. 
7.4 Calculation of the Deflection Corresponding to the Load Capacity 
of the Knee-Braced-Frame Model 
The total lateral deflection of the ideal ized frame-wall system 
(knee-braced-frame) consisted of several components of distortion. These 
were: (1) the distortion of the unbraced portion of the columns, (2) the 
rotation of the columns resulting from sl ip of the anchored reinforcement, 
(3) the bending distortion of the system caused by the appl ied moment, 
and (4) the shearing distortion of the intact segments of the walls. 
In calculating the deflection of the knee-braced-frame system 
(Fig. 7.2) caused by the distortion of the unbraced portions of the 
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columns, the end conditions of the columns were represented as shown in 
Fig. 7.5. It was assumed that the columns were connected by a rigid beam 
at the top. At the point where the columns were bending about the wall 
brace, a joint was assumed with the rotational stiffness indicated in 
Fig. 7.5. With this system the deflection was calculated at the load 
corresponding to the formation of the mechanism at which stage the 
columns were considered to be fully cracked. 
51 ip of the reinforcement at the points of plastic hinging 
contributed a significant portion of the total column deflection. The 
deflection caused by sl ip was calculated using Eq. 7.2: 
where: 
a = deflect ion 
ab = sl ip based 
.£ = effective ce 
d = effect i ve 
a b .£ ce 
a = O.9d 
due to s 1 i p 
on Eq. 6.3 
height of column 
depth of column 
(7.2) 
Equation 7.2 assumes that the rotation due to slip occurs about a point 
on the cross section located O.9d from the level of reinforcement. 
The final two components of defl~ction were the bending 
distortion of the entire system and the shearing distortion of the intact 
segments of the walls. The calculation of these quantities was explained 
in Chapter 4 for the structures prior to cracking. Only the modifications 
made because of cracking will be mentioned here. 
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For calculating the bending distortion, the moment of inertia 
of the fully cracked frame-wall structure was used in the equations 
derived in Chapter 4. This modification was described in Chapter 6 with 
regard to the five-story structures. 
The shearing distortion of the wall panels above the first 
story was calculated using a shearing modulus of 0.6 x 106psi • Since 
these panels were cracked in the test specimens at advanced stages of 
loading, the calculated deflections underestimate the actual deflections 
(Sect ion 6.2). 
The four components of deflection were combined algebraically 
to obtain the total deflection. 
The results of the load-deflection calculations based on the 
braced-frame model are compared with the measured load-deflection relation-
ships in the fol lowing figures: 
Figure 
6.5 -6.8 
7.6 
7.20-7.21 
7.25 -7.26 
7.27 
7.28-7 .29 
Five-Story Specimens with Sol id Walls 
One-Story Specimens with Solid Walls 
Two-Story Specimens with Sol id Walls 
One-Story Spec imens wi th Open i ngs 
Five-Story Specimens with Openings 
Two-Story Specimens with Openings 
The calculated re1ationshlps are indicated by the broken lines. In the 
following sections these results will be related to the observed behavior 
of the specimens. 
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7.5 Development of the Maximum Capacity of the One-Story Specimens 
(a) Observed Response 
The relationships between the total load and the deflection of 
the top beam are shown in Fig. 7.6 for the one-story specimens with ·sol id 
walls (S2B, S2H, and S21). Following the init ial 1 inear port ions of the 
curves, there are non1 inear portions marked by large increases in 
deflection with increases in load. The nonl inear stage of behavior was 
initiated by the development of shear cracks in the masonry wall 
(Fig. 5.1). Cracks continued to form and propagate causing reductions 
in the stiffness of the structure as indicated by the nonl inear portion 
of the load-deflection relationship. Based on the observed response, 
the maximum load carried by the one-story structures was considerably 
higher than the load at which shear cracking originated (Tables 5.1 and 
7.1). Because of the additional strength and ductility of the structures, 
which were real ized subsequent to the formation of shearing cracks, it 
was important to define the behavior in the nonl inear range. 
The pattern of cracking which was characteristic of the one-
story structures (Fig. 7.1) indicated that portions of the columns were 
be i ng braced by segments of the cracked wa 11 (Sect ion 7.1). 
This phenomenon is illustrated in Fig. 7.7, which shows the 
"""1 
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distorted shape of specimen S2H after failure had occurred. The effect 
of the segments of the cracked wall on the frame is evident. The lower 
-, 
I 
portion of the tension column and the upper portion of the compression i 
column were both braced by wall segments. The level of the bracing was 
l 
l 
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near the mid-height of the wall. The cracking which occurred in the 
columns (ignoring the shear failure in the upper portion of the tension 
column) shows explicitly the bending which took place in the unbraced 
portions of the columns. These observations were confirmed by the 
deformation measurements made on the structure during the test. 
Deflections which were measured on the tension column at the 
top beam and at the mid-height of the wall panel indicated that the 
tension column was being braced. These deflections are shown in 
Fig. 7.6, where they are plotted against the total load on the struc-
ture. During the initial stages of loading, the magnitude of the 
deflections at the mid-height and top beam were related almost 1 inearly, 
with respect to their heights above the base of the wall. After shear 
cracking developed in the wall, the deflection of the top beam increased 
at a much faster rate than the deflection at mid-height, indicating that 
the lower segment of the tension column was restrained from displacement 
by the wall. The development of the braced tension column is shown 
graphically in Fig. 7.8 which summarizes the results for all the one-
story specimens. In Fig. 7.8 the deflection at the mid-height of the 
panel is given as a percentage of the top beam deflection for various 
load levels. The deflected shapes for specimen ,S2H indicate the formation 
of the brace as the load increased (the final shape shown resulted after 
the tension column sheared off). Similar results were obtained for 
specimens S2B and S2I which were companion specimens to specimen S2H. 
Based on the observed deformation of the specimens, the 
structures could be described by the knee-braced-frame system. 
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(b) Comparison of Calculated and Observed Response 
The observed and calculated load-deflection relationships for 
the one-story specimens with solid walls (S2B, S2H, and S2I) are shown 
in Fig. 7.6. The knee-braced-frame model does provide a fair estimate of 
the response for specimens S2H and S2I. 
The deflection calculated at the point of maximum load is 
somewhat lower than the observed values. However, the calculation of 
deflections is very sensitive to the value of the effective length of 
the columns. In the test specimens the effective length may vary, as 
indicated by the differences within the measured load-deflection curves. 
In calculating the capacity of the structures it was assumed 
that plastic hinges formed at the ends of the unbraced column segments. 
The formation of these hinges in the compression column was readily 
observed (Fig. 7.7). In the tension column, hinging was less obvious. 
However, strains measured on the reinforcement at the top of the tension 
column did indicate that the yield capacity of the section was developed 
prior to failure. 
The excessive strength of specimen S2B (Fig. 7.6) was 
inexplicable on the basis of the physical properties of the specimens "OJ 
I 
I 
and the manner of testing. I 
7.6 Effect of Number of Stories 
(a) Observed Response 
The additional overturning moment acting on the first story of 
the five-story specimens caused axial column forces which decreased the 
I 0 
I 
~l 
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stiffness of the tension column and increased the stiffness of the 
compression column. Because of these effects the behavior of the five-
story structures differed somewhat from that of the one-story structures. 
Specimens F2B and F2C were five-story specimens with the same 
percentage of frame reinforcement as the one-story structures discussed 
in Section 7.5. 
Flexural cracking developed prior to shear cracking in the 
five-story specimens. In specimens F2B and F2C flexural cracks formed 
at the top joint of the first-story wall panel. At later stages of 
loading, shearing cracks extended through the wall partitioning the 
wall into segments. The lower segment of the cracked wall served to 
brace the tension column in specimen F2B (Fig. 7.9). The tension column 
was braced near the mid-height of the wall in both specimens F2B and 
F2C. A knee brace also formed between the compression column and the 
first-story beam, thereby completing the braced-column system. 
Although the braced system which formed was similar to that 
observed in the one-story specimens, the failure mechanism which formed 
in the one-story specimens did not develop completely in the five-story 
structures. 
The presence of the axial forces in the columns led to a 
different response. At loads nearing ultimate, the reinforcement in 
the tension column had yielded, as determined from the measured strains. 
Therefore, the moment (and shear) capacity of the tension column was 
reduced considerably. Ideally, the tension column was acting as a 
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flexible element which was being pulled against the segments of the 
wall panel by a force appl ied at the top of the column. On the other hand, 
the capacity of the compression column was increased by an axial 
compressive force. Within the range of axial forces which could have 
been developed, the moment-thrust relationship for the column cross 
sections was practically 1 inear. Thus, it was reasonable to assume that 
the decrease in moment capacity of the tension column was offset by the 
increase in capacity of the compression column. It is difficult to 
evaluate quantitatively exactly how much axial thrust developed in the 
compression column because it is possible that normal forces in the wall 
participated in resisting the overturning moment. 
(b) Comparison of Calculated and Observed Response 
The calculated and measured load-deflection' curves for specimens 
F2B and F2C are shown in Fig. 6.5 for the deflections at the first story 
and top beam. 
The calculations based on the knee-braced-frame model do 
provide a satisfactory estimate of the capacity of the specimen implying 
that the manner of hand1 ing the effects of the column thrusts was reason-
able. Since the yield capacity of the tension column was developed prior 
to failure, the capacity based on beam action (Eq. 6.1) is also in good 
agreement with the observed results. However, the beam analogy (1 inear 
distribution of strains) does not adequately describe the deformation 
of the structures. 
The knee-braced-frame model 'provides a means of accounting I 
for the shearing distortion of the five-story structures which results i 
l 
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because of cracks in the walls. Comparison of the calculated and observed 
deflections at the first story indicates a fairly good agreement consider-
ing the sensitivity of the results to the effective length of the columns. 
The agreement for deflections at the fifth story is not as 
good, primarily because the shearing distortion of the upper stories was 
calculated on the basis of the elastic shearing modulus. In fact, cracking 
was observed in the wall panels of the second and third stories. Under-
estimating the shearing distortion of these panels resulted in the low 
value of the calculated deflection. 
7.7 Effect of Variations in the Frame Reinforcement Ratio 
(a) Observed Response 
The amount of reinforcement in the frame has a direct influence 
on the capacity of the system because of the contribution of the columns 
in resisting the appl ied loads through bending subsequent to the develop-
ment of shearing cracks in the walls. 
As discussed in Chapter 6, the amount of reinforcement is also 
an important factor influencing the mode of response of the structure. 
If the frame is 1 ightly reinforced, the tension column may yield prior 
to the development of shearing cracks. For such conditions, the intact 
wall continues to provide shearing rigidity. The response of the struc-
ture may be described in terms of simple beam action. This was the case 
for the five-story specimens F1B and F1C (Fig. 6.4) described in 
Chapter 6. 
If there is sufficient reinforcement to admit shearing cracks 
before failure, a system of knee-braced columns may result. 
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Figure 7.10 shows the first story of specimen F3C after failure 
had occurred. Specimen F3C was a five-story structure with a reinforce-
ment percentage of 3.4 in the beams and columns of the frame (vs 2.2 
percent for specimens F2B and F2C). The pattern of cracking was s imi.lar 
to that observed in specimen F2B, which is shown in Fig. 7.9. The 
behavior of the specimens was also similar. Initially flexural cracks 
developed, followed at later stages of loading by shearing cracks. The 
intact segments of the cracked wall braced the tension and compression 
columns which distorted in flexure over their unbraced lengths. 
The upper portion of the tension column of specimen F3C 
rotated primarily about a point located near the mid-height of the wall 
although the horizontal crack in the wall at mid-height was\not observed 
to extend to the tension column (Fig. 7.10). Apparently, the column 
was bending about the triangular wall segment which protruded out of 
the lower segment of the wall. 
Strains measured on the reinforcement in the tension column 
were well beyond the proportional 1 imit determined for the steel indicat-
ing that the bars may have reached their yield stress prior to failure 
of the structure. The reduction in capacity of the tension column due 
to yielding was offset, in part, by the increased capacity of the 
compression column. The axial force-moment interaction diagram for the 
column cross section was nearly 1 inear within the range of thrusts 
which could be developed by the columns. Thus, the moment capacity of 
the compression column was increased approximately in proportion to the 
decrease in capacity of the tension column. 
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Cracks which formed at the base and in the upper portion of 
the compression column (Fig. 7.10) suggested that the column was bending 
before it failed in shear. This observation, confirmed by the measured 
strains in the reinforcement, is consistent with the braced-column mode 
of re s ponse . 
(b) Comparison of Calculated and Observed Response 
The calculated and measured load-deflection relationships for 
specimens F3B and F3C are compared in Fig. 6.6. 
The calculated response based on the knee-braced-frame model 
showed good agreement for both capacity and first-story deflection, 
part icularly for specimen F3C. The agreement is not as good for specimen 
F3B. However, the observed response of specimen F3B was different from 
that of specimen F3C in that the upper stor ies of the structure "sheared 
off!' at the top of the first story (Chapter 8). 
Comparison of the results at the fifth story (Fig. 6.6) reflects 
the lack of a suitable method for estimating the shearing distortion 
of the upper story panels. 
7.8 Effect of Number of Bays 
(a) Observed Response 
The observed response of the two-story three-bay test specimens 
indicated that considerable strength and ductil ity of the structure 
were available beyond the point at which shear cracking first developed. 
Additional strength and ducti1 ity resulted from the interaction of the 
frame with segments of the cracked walls. The behavior was similar to 
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that observed in the one-bay specimens except that the presence of 
several parallel columns led to a more complex interaction of the 
elements. 
The development of cracks initiated a stage of nonl inear 
response which was observed in the measured load-deflection relation-
ships. Figure 7.11 shows the load-deflection relationships for specimens 
M2B and M2C, which were two-story three-bay specimens with sol id walls. 
The lateral deflections measured at the first-story and top beams are 
plotted against the total load. The measured relationships have a 
substantial nonlinear range. Cracking was observed at about four kips 
total load. The response of the specimens during the nonl inear range 
is described below. 
Figure 7.12 shows a composite photograph of specimen M2C 
after failure had occurred. Cracks in the walls of specimen M2C formed 
initially in the wi,ndward first-story panel (Wll)"i'," followed by cracking 
of the middle (W12) and leeward (W13) panels (Chapter 5). As cracking 
developed, similarities were observed in the crack patterns of the three-
bay and one-bay specimens (Fig. 7.7, 7.9, and 7.10). Cracking of the 
exterior columns (first-story) in the three-bay specimens resembled 
that of the corresponding columns in the one-bay specimens. 
-,t~ 
Member designations are given in Appendix C. 
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Cracks observed in the exterior tension column (Cl1) of 
three-bay specimen M2C (Fig. 7.12) suggested that the lower portion of 
the column was being braced by the lower segment of the cracked wall. 
Apparently the upper portion of the column was bending about the top 
of the lower wall segment, as was the case in the one-bay structures. 
Bracing of the exterior compression column (C14), observed 
in the one-bay specimens, was also observed in specimen M2C (Fig. 7.12). 
A knee brace formed between the upper portion of the compression column 
and the first-story beam (B13). The cracks observed indicated that the 
lower or unbraced portion of the column was distorting in flexure. In 
fact, the cracks which formed in the upper portion and at the base of 
the column indicated significant bending of the unbraced column. 
At this point the similarities between the one- and three-bay 
structures ended. The behavior of the multi-bay structure was compl i-
cated by the presence of the two interior columns. These columns 
inhibited displacements of the segments of cracked walls which, in 
turn, served to brace other columns. The interaction of the structural 
elements may be described qualitatively in terms of the kinematics of 
the system which was interpreted from the final crack pattern. 
Consider the interaction of these elements in the first story 
of specimen M2C (Fig. 7.12). The tendency of the columns is to distort. 
as in an empty frame. Such distortion is inhibited by the walls. Prior 
to cracking, deformation of the system. is limited primarily by the 
shearing rigidity of the walls. Following the formation of cracks in 
the walls, the columns have more freedom of movement because segments 
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of the cracked wall may displace relative to other segments by sl iding 
along the joints where the bond has been broken and cracks have developed. 
For example, while the lower portion of the exterior tension column (Cl1) 
in specimen M2C (Fig. 7.12) was braced, the upper portion def1ected.- To 
allow this deflection, the upper segments of the wall had to displace 
relative to the lower wall segment. The upper portion of the wall was 
cracked extensively providing several possible sl iding planes. However, 
to admit displacement of the upper pieces of wall, movement of the upper 
portion of the interior column flanking the panel (column C12) had to 
take place. But, the bottom of column C12 was restrained by a knee 
brace which formed in the middle panel. Basically, the manner of 
displacement described above governed the movements of the interior 
columns, and the middle and leeward wall panels. At the exterior 
compress i on co 1 umn (C 14), the Ilcha i nIl was broken. D i sp 1 acement of the 
upper portion of column C14 did not require the movement of adjacent 
wall segments while admitting displacements of the upper segments of 
the leeward wall. 
The movement of the structure indicated the development of a 
?ystem of restrained columns which was similar to the knee-braced-frame 
system described previously for the one-bay structure. The additional 
interior columns influenced the behavior of the system considerably. 
The restraint of the walls on the interior columns is a complex 
phenomenon, the result of which can be ~een in the cracking of the 
columns and their adjacent panels (Fig. 7.12). 
.. _-"1 
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The development of a braced-frame system in. the two-story 
three-bay structures is illustrated by the deflected shapes of the 
structures which are plotted from the measured deformations in Fig. 
7.13. The results for all six specimens are shown. Specimens M2B and 
M2C, which are referred to here, had no openings and no appl ied vertical 
load. The sol id lines in the figure represent the deflected shape of 
the exterior tension columns expressed as a percentage of the top beam 
deflection. At advanced stages of loading there is a definite kink in 
the deflected shape of the first-story tension column at mid-height 
indicating that the portion of the column below this level was restrained 
from lateral movement. 
The broken lines in Fig. 7.13 represent the movement of the 
exterior compression columns which show the effect of bending of the 
unbraced lower portion of the first-story column. By the final loading 
stage shown, the unbraced column had failed resulting in the exaggerated 
deflected shapes. 
The deflected shapes in Fig. 7.13 show only the exterior columns. 
In Fig. 7.14 the lateral deflections at several exterior and interior 
points on specimen M2C have been plotted against the total load. The 
measured deflections indicated that the mid-height of the exterior 
tension column (dial No.5) moved only about 10 percent as much as the 
first-story beam (dial No.3) moved at the maximum load. Some extension 
of the first-story windward beam (Bll).was detected from the differences 
in the deflections measured at dial No.3 and dial No.8. This result 
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was compat ible with the cracks observed (Fig. 7.12). The deflections 
measured on the interior column (C12)flanking the windward panel (Wll) 
indicated that, at the maximum load, the mid-height of the column (dial 
No.9) moved about 40 percent of the deflection measured at the center 
of the intersection of the columns with the first-story beams (dial 
No.8). In addition, by the time the maximum load was' reached, the 
deflection at mid-height of the interior column (dial No.9) was about 
four times that of the exterior tension column (dial No.5). The 
relative movements of the system indicated by the measured deflections 
were consistent with the cracking which was observed in the structures 
(Fig. 7.12). The displacement of the mid-height of exterior compression 
column, measured by dial No. 13, moved about the same distance as the 
mid-height of the interior column (dial No.9) during the early loading 
stages. At advanced stages of loading, the lower portion of the com-
pression column began to bend and form hinges at the ends of its unbraced 
length. The bending allowed the displacement at mid-height (dial No. 13) 
to catch up with the first-story beam deflection (dials No.3 and 8). 
The observed response of the two-story three-bay structures 
indicated that a system of braced columns developed prior to failure. 
._- 1 
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In the following section the observed response is compared with the 
response calculated based on the knee-braced-frame model. 
(b) Comparison of Calculated and Observed Response 
Observed and calculated load~deflection relationships for 
specimens M2B and M2C are given in Fig. 7.11. Curves are given for the 
lateral deflection at the first-story and top beam. 
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The knee-braced-frame model underestimates the magnitude of 
the observed maximum loads by a considerable margin. The most obvious 
drawback of the model is that it does not provide for the possibil ity 
of frictional forces which may develop in the walls. Frictional forces 
may result from normal forces in the walls caused by the overturning 
moment. In the three-bay specimens it is I ikely that normal forces in 
the walls contributed to the resistances of the overturning moment. 
Actually, the assumption that plastic hinges formed at the ends of the 
unbraced columns was satisfactory for the three-bay specimens. Cracking 
of the first-story columns indicated the development of hinges (Fig. 7.12). 
This observation was substantiated by strain measurements on the reinforce-
ment in the columns. 
The predicted deflections c0mpared reasonably well to those 
measured. Again, the sensitivity of ,the deflection calculations to the 
selection of the brace height must be pointed out. The distortion of 
the second story was calculated using the elastic shearing modulus of 
the masonry which is not entirely correct since the walls were cracked 
by the time the maximum load was attained. Therefore, it was expected 
that the calculated deflections would fall short of the observed values 
in predicting the deflection of the top beam. 
7.9 Effect of Vertical Load 
(a) Observed Response 
In this section the effect of vertical loads on the structure 
is discussed with regard to the response after cracks developed in the 
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walls. Four of the five-story and two of the two-story specimens with 
sol id walls were subjected to vertical as well as lateral loads (Table 2.1). 
In terms of the overall load-deflection relationship (Fig. 3.1) 
the specimens with vertical load had a nonl inear range of response 
similar to that observed for the specimens without vertical load. 
However, the specimens with vertical loads developed higher strength 
and lower ductility. 
Five-story specimens P2B and P2C were subjected to a constant 
vertical load of 5.0 kips per column in addition to the lateral loads. 
Their behavior was similar to that of comparable specimens without 
vertical load (F2B and F2C) except that the vertical load increased the 
capacity of the masonry wall and the columns. 
A photograph of the five-story specimen P2B, t~ken after 
the structure failed, is shown in Fig. 7.15. The pattern of cracking 
indicated that the lower portion of the cracked wall panel braced the 
entire tension column. (Cracking in specimen P2C indicated a lower 
brace height.) Prior to failure, lateral deflection of the tension 
column was limited by the shearing rigidity of the intact wall segment. 
The width of the segment decreased near the top of the column. Therefore, 
it is 1 ikely that most of the distortion took place at the upper end 
of the column because of the reduced area of the wall segment supporting 
the column. At failure the upper corner of the wall segment sheared off 
allowing the upper portion of the column to rotate. Whether shearing 
of the wall segment precipitated failure of the compression column or 
vice versa could not be distinguished because the failure occurred 
suddenly. 
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The compression column, which was braced by a segment of the 
wall, showed few signs of flexural cracking although some cracks were 
observed at the base of the column prior to failure. The absence of 
cracks in the column was caused by the compressive thrust generated in 
the column by the overturning moment and the appl ied vertical load. 
Measured reinforcement strains in the tension column indicated 
that the reinforcement might have yielded before failure. However, the 
tensile yield strain was barely reached. Because of the appl ied vertical 
load, a larger overturning moment was required to develop the yield 
capacity of the tension column, resulting in larger ~hear forces on 
the structure. Based on the observed response of specimen P2B, the 
shearing capacity of the structure was reached at about the same load 
required to initiate yielding of the tension column. 
Specimens P2D and P2E were five-story one-bay structures with 
2.5 kips per column vertical load. Their behavior resembled that 
described above for specimen P2B taking into account the smaller amount 
of vertical load. However, the cracks in specimens P2D and P2E at 
failure indicated that the upper portion of the structure sheared off 
across the top of the tension column (Fig. 7.16). Modes of failure are 
discussed in Chapter 8. 
To give some idea of the overall distortion of the five-story 
structures, the deflected shapes at various loads were plotted in terms 
of a percentage of the top beam deflection. These are summarized in 
Fig. 7.17 and 7.18 for all of the five-story specimens (Table 2.1). 
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Also plotted, for purposes of comparison, were the calculated 
deflected shapes (elastic) of a cantilever beam and a frame without walls 
(Fig. 7.19). These two systems represent bounds on the deflected shape 
of the five-story specimens. 
The curves indicate that in the early stages of loading the 
deflected shape of the frame-wall structures fell somewhere between 
those of the beam and the frame (specimens H2B and H2C had wall openings). 
No consistent differences were noted between the specimens with and with-
out vertical load. At the final stages of loading the shearing distortion 
of the lower stories can be detected in both the specimens with and with-
out vertical load. The deflected shape at the final loading stage shown 
in the figures occurred after the maximum load had been reached. (Note 
that in spec imens F3B, P2D, and P2E the upper part of the structure 
sheared off at the top of the tension column resulting in the deflected 
shapes shown.) 
In general, the addition of vertical load affects the strength 
and ductil ity of the structures in the same manner as the addition of 
frame reinforcement_ With sufficient vettital load the shearing capacity 
of the structure may be ~eveloped prior to yielding of the tension 
column. A significant difference, however, is that the vertical load 
also increases the strength of the masonry walls by providing a 
precompression. 
The two-story three-bay ~pecimens also registered an increase 
in strength and decrease in ductil ity with the addition of vertical load. 
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Only one significant difference was discerned in the pattern of 
cracking for the specimens with (M2C, M2D) and without (M2B, M2C) 
vertical load. The difference was that shear failures of the interior 
columns in the first story were much more evident in the specimens wi~h 
vertical load. The development of cracks in specimen M2B was discussed 
earlier in this section (Fig. 7.12). 
Specimens M2D and M2E were instrumented with strain gages 
on the reinforcement at the mid-height of the first-story columns. These 
gages were found to be useful in determining when and where the wall 
braces formed. 
The deflected shapes of specimens M2D and M2E were similar to 
those of specimens M2B and M2C (Fig. 7.13). 
(b) Comparison of Calculated and Observed Response 
A comparison of the calculated and measured load-deflection 
curves for the five-story specimens with solid walls is given in Fig. 6.7 
for specimens P2B and P2C, and in Fig. 6.8 for specimens P2D and P2E. 
Deflections at the first story and top beam are plotted vs the ~otal 
load. The calculated response up to the point of shear cracking has 
been described in previous chapters. Subsequent to the point of shear 
cracking, two branches of the curve are shown. The branch showing the 
stiffer response was calculated on the basis of beam action (Chapter 6) •. 
It was terminated at the load causing yielding of the tension reinforce-
ment. The second branch was calculated using the knee-braced-frame model 
which was described earlier in this chapter. 
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Although the knee-braced-frame hypothesis provides a better 
estimate of the deflections than those calculated on the basis of 
ordinary beam theory, it is not truly representative of the observed 
response of the specimens. The knee-braced-frame model provides an . 
approximation to the shearing distortion of the structure which occurs 
after the cracks have formed within t he wall. 
Hinging of the compression column, which was assumed in the 
braced-frame calculations, was not observed in the test specimens because 
of the thrusts in the columns. As was the case in the specimens without 
vertical load, it was reasonable to assume that the decrease in moment 
capacity of the tension column was offset by the increase in capacity 
of the compression column for the range of thrusts which could possibly 
develop. 
In specimens P2D and P2E most of the cracking of the wall took 
place near the top of the panel. The upper part of the structure tore 
off at the top of the first-story tension column. The tension column 
remained practically fully braced. 
The calculation of deflections was subject to the same 
1 imitations discussed for, the specimens without vertical load. 
Calculated and measured load-deflection relationships for the 
two-story specimens are given in Fig. 7.20 (M2D) and Fig. 7.21 (M2E). --', 
Deflections at the first story and top beam are plotted. 
-, 
The agreement is satisfac~ory., considering the effects of j 
friction and the magnitude of the brace height. These factors were 
described in Section 7.8. for the specime~s without vertical load. 
~, 
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7.10 Effect of Openings 
(a) Observed Response 
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The effect of openings on the response of the structures in 
the non1 inear range is discussed in this section. Included are the one-, 
two-, and three-story specimens with openings (Table 2.1). The initia-
tion of non1 inear response was caused by cracks which developed in the 
piers flanking the openi~gs (Chapter 5). 
A general description of the response of the specimens related 
primarily to the cracks which developed is given below. It is followed 
by a comparison of the measured and calculated load-deflection 
relationships. 
The most significant factor observed in the response of the 
specimens with openings was that their strengths were not reduced in 
direct proportion to the amount of wall area removed. For example, the 
five-story specimens, with openings accounting for 50 percent of their 
wall area, developed about 80 percent of the strength of comparable 
specimens with no openings. The load capacity of the structures resulted 
from two sources: (1) the forces carried by the columns which were 
braced by segments of the walls, and (2) the frictional forces which 
developed between the wall segments as they displaced. An example of 
the load carrying mechanism is discussed below for the one-story 
specimens. 
Five, one-story specimens with openings were tested. Various 
sizes, shapes, and locations of openings were used in the walls (Fig. A.3). 
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Since the mechanism for resisting the load was basically the same for 
all the specimens, the response of only one of the structures, specimen 
S2C, will be discussed in detail. 
Specimen S2C had a single opening located concentrically about 
the center of the wall (Fig. A.3). The opening had nominal dimensions 
of 7.5 by 15.5 ·in., resulting in a 50 percent reduction in the horizontal 
cross-sectional area of the wall. This type opening was also used in 
the five- and two-story specimens (Fig. A.ll and A.24). 
The pattern of cracking observed in specimen S2C after failure 
is shown in Fig. 7.22. It indicates that the tension column of the 
specimen was braced by the portion of the wall below the opening. The 
column was bending about the bottom segment of wall, which remained 
intact even at failure. The size and shape of the cracks indicated that 
plastic hinges formed at the top of the tension column and at a point 
almost level with the bottom of the wall opening. 
Bending of the compression column was evident from the hinges 
which were observed at the base of the column and at a point on the 
column which was practically level with the top of the opening in the 
wall. A knee brace formed between the upper portion of the compression 
column and the top beam. 
Displacement of the unbraced portion of the columns was 
inhibited by the presence of the wall segments flanking the openings. 
The location of cracks indicated that the wall pier adjacent 
to the tension column was isolated at advanced stages of loading. 
"'-1 
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Initially, cracking occurred at the top of the pier followed by the 
shearing crack near the bottom of the pier (Chapter 5). The tension 
column bore against the top of the pier and, to admit displacement of 
the column, the pier had to sl ide over the bottom portion of the wa11. 
The sl iding was resisted by friction and mechanical interlock between 
the wall segments. The column and frictional forces provided a diagonal 
thrust in the pier. Vertical as well as horizontal forces had to develop 
to resist the tendency of the pier to overturn. The pier remained 
intact until failure occurred indicating that the frictional resistance 
broke down before a shearing or crushing failure could develop. Crush-
ing and spl itting of the bottom corner of the pier adjacent to the wall 
opening indicated the presence of significant contact forces. It is 
apparent that the load carried by the structure was being transmitted 
through the wall pier as well as through the columns. 
The crack pattern (Fig. 7.22) impl ies that the wall pier 
adjacent to the compression column also transmitted some of the load. 
Spl itting of the bricks which was observed in this pier at failure 
indicated that the compression column and the top beam were pinching 
the corner of the wall, including a part of the pier. 
The observed response of specimen S2C'may be summarized as 
fol lows. The columns and the wall segments participated in resisting 
the total appl ied load. The wall segment above and below the openlngs 
served to brace the columns (Fig. 7.22). The unbraced portion of the 
columns bent about the wall braces until plastic hinges eventually formed 
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at the ends. Thrusts in the wall pier flanking the tension column 
resulted because of forces developed through friction and mechanical 
interlock as the pier sl id over the bottom segment of the wall. 
Distort i on of the system was also restrained by the wall pier adj ace'nt 
to the compression column. 
The mode of response of the other one-story specimens with 
openings was basically similar to that described for specimen S2C. 
The five-story specimens with openings (H2B and H2C) were 
subjected to a constant vertical load of 2.5 kips per column in addition 
to the lateral load. The pattern of cracking in specimen H2C is shown in 
Fig. 7.23. The thrusts developed in the columns of the first story as 
a result of the overturning moment and appl ied vertical load represent 
the primary difference between the five- and one-story specimens with 
openings as was the case inthespecimens with no openings. The influence 
of these axial forces on the strength of the columns was discussed in 
Section 7.6. On the basis of cracks which developed, the influence of 
the wall piers flanking the openings resembled that which was observed 
in the one-story specimens. 
Two of the two~story specimens, M2F and M2G, had openings in 
the panels of the first and second stories (Fig. A.24), with specimen 
M2G also subjected to a constant vertical load of 5.0 kips per column. 
The crack pattern for specimen M2F'is indicated in Fig. 7.24. The 
exterior tension and compression columns were braced in the same 
manner as the columns in the one-story one-bay structures. Wall braces 
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also supported the interior columns at points nearly level with the 
top and bottom of the openings (Fig. 7.24). The cracks which developed 
in the windward wall piers of each panel indicated that the piers were 
dragged over the bottom segment of the wall panel as the system deflected, 
their movement being resisted by frictional forces. Forces were also 
transmitted through the leeward wall pier in each panel by the upper 
segment of the panel. Specimen M2G had a similar pattern of cracking 
except that the deformations of the system were smaller as a result of 
the vertical load appl ied to specimen M2G. 
In specimen M2F plastic hinges developed in the columns 
(Fig. 7.24). Because of the appl ied vertical load, the development of 
hinges was not as visibly evident in specimen M2G. In specimen M2G 
the first-story columns failed in shear before significant displacements 
resulted while in specimen M2F all of the columns rotated significantly 
prior to failure, at which time a shearing crack was observed at the 
top of the exterior first-story tension column. 
The added flexibil ity of the system which resulted from the 
presence of openings was observed in the development of cracks in the 
two- and five-story structures. Cracks formed in the first-story beams 
(Fig. 7.23 and 7.24) at locations practically in 1 ine with the sides of 
the openings, indicating that flexural distortion of the beams occurred 
within the length defined by the openings. 
(b) Comparison of Calculated and Observed Response 
The measured and calculated load deflection relationships 
for the one-story specimens with openings are given in Fig. 7.25 and 
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7.26. The calculations of the maximum load and deflection are based on 
the knee-braced-frame model (Section 7.3 and 7.4). In every case the 
measured loads are considerably underestimated. As mentioned previously 
this result was expected because in the model the influence of frictional 
forces is ignored. Considerable frictional forces probably developed 
in the specimens in a manner that was described for specimen S2C. 
The variabil ity of the test results must also be noted here 
with regard to the comparison of calculated and observed loads. In 
every case the value of the maximum load measured for the specimens 
with openings was larger than the lowest value of the maximum load 
measured for the specimens without openings. Of course, there was a 
considerable range between the low and high values of the maximum load 
for the specimens with the solid walls. Therefore, it is diffi~ult to 
separate the 1 imitations of the model from the variabil ity possible in 
the test results. 
A comparison of the calculated and observed load deflection 
results for the five-story specimens is given in Fig. 7.27 for the 
first-story and top beam deflections. There is good agreement at the 
first story_ It should be noted here that the load calculation was 
modified for the applied vertical load (Section 7.3). 
Agreement at the top beam is not as good because in calculating 
the distortions of the panels above the first story, an elastic shearing 
-1 
modulus was used. Actually, the se~ond story was cracked considerably 
(Fig. 7.23). 
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The calculated and measured load-deflection relationships for 
the two-story specimens with openings are given in Fig. 7.28 and 7.29. 
The first story and top beam deflections are plotted. Comparison of 
the results leads to the same conclusions as discussed above regardi~g 
the possibil ity of frictional forces. 
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8. MODES OF FAILURE 
8.1 Introductory Remarks 
The failure mechanisms observed in the test specimens can be 
classified generally as flexural or shear failures. The general 
characteristics of the flexural failures were quite similar to those 
observed in reinforced concrete beams. However, the shear failure 
mechanisms in the frame-wall systems differed from those observed in 
reinforced concrete beams. 
The following two .sections classify the types of failure 
mechanisms. The sequences of events leading to the various types of 
failure in different types of specimens are discussed in Sections 804 
t h r 0 ug h 8. 7 . 
8.2 Flexural Failure Mechanisms 
The failure mechanism of a frame-wall system subjected to 
increasing lateral load may be quite similar to that for a reinforced 
concrete beam fail ing in flexure. Thus, collapse may occur as a result 
of yielding of the reinforcement in the tension column or failure of the 
concrete in the compressed column. Unless the gravity loads are extremely 
high, it is quite unlikely that the latter type of failure will develop. 
In frame-wall systems a flexural failure is 1 ikely to occur as a result of 
yielding of the tension column as shown ideally in Fig. 8.la. Although 
certain features of the mechanism, such as distortion of the strain 
distribution, may deviate widely from those observed in monol ithic 
beams, the strength of the system is controlled directly by the force which 
can be developed in the tension column and the distance from the tension 
to the compression column. 
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8.3 Shear Failure Mechanisms 
The sequence of events leading to a shear failure is initiated 
after the formation of a shear crack separating the wall into two parts, 
as shown ideally in Fig. 8.lb. The presence of the crack is not a 
sufficient cause for shear failure. If the resulting mechanism, the 
knee-braced frame, has adequate strength, the system can still fail in 
flexure. 
Shear failure mechanisms involve failure of the individual 
columns in flexure or in shear. Portions of both columns may develop 
yield hinges leading to a plastic mechanism (Fig. 8.lc) or, if the 
flexural strength of the column as loaded is smaller than its shear 
strength, both columns may fail in shear (Fig. 8.ld). Mechanisms have 
also been observed involving combinations of shear and flexural failures 
in the columns. 
8.4 Failure Mechanisms Observed in the One-Story Specimens 
The one-story speci~ens were representative of structures with 
a low moment-to-shear ratio resulting from the appl ied load. Thus, the 
influence of axial column thrusts was minimal. 
Figure 7.7 shows specimen S2H after failure had occurred. The 
failure mechanism involved shear and flexural failures of the columns 
(Fig. 8.1e). After a shearing crack developed near the mid-height of the 
wall panel, cracking of the unbraced portions of the tension and com-
pression columns indicated flexural response of the columns. The 
flexural action continued until the upper portion of the tension column 
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developed shear cracks. The lower portion of the compression column 
continued bending until plastic hinges developed. Under increasing 
deformation, the system continued to carry load with the magnitude of 
the load increasing as the system distorted. 
The condition of the upper portion of the tension column is 
indicated in Fig. 7.7. The reinforcement in the column tore out of 
the concrete. The position and thickness of the wall was such that as 
the reinforcement pulled out, it straddled the intact lower segment of 
the wa 1 1 • 
A similar mechanism developed in specimen 521. However, in 
specimen S2B both columns failed in shear. This may have been caused by 
the higher loads on specimen S2B prior to the development of a full 
horizontal crack through the masonry panel. 
8.5 Failure Mechanisms Observed in the Five-Story Specimens 
The results of tests on the five-story specimens illustrated 
the important influence of axial forces in the columns. Because of the 
overturning moment on the first story of the structures, considerable 
thrusts were developed in the columns. It was in the first story that 
the significant phenomena were observed. In addition to the column 
forces caused by the overturning moment, several of the five-story 
structures were also subjected to vertical load. 
The five-story specimens with the lowest amount of reinforcement 
in the columns, specimens FIB and FIe, failed by yielding of the tension 
reinforcement before shearing cracks developed in the walls (Fig. 8.la). 
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In the remainder of the specimens failure resulted by either 
shearing of both columns (Fig. 8.ld) or shearing of the compression 
column only while the flexural capacity of the tension column developed 
(Fig. 8.le). 
The failure modes which developed in the five-story structures 
subsequent to the formation of shearing cracks were related to the 
capacity of the unbraced portions of the tension and compression 
columns whic~ were affected by the axial forces developed in the 
columns. The flexibil ity of the tension column of the structures was 
increased because of the axial tensile forces which also tended to 
reduce their moment and shear capacities. Under the influence of axial 
compressive thrust, the moment and shear capacities of the compression 
columns were increased while their flexibil ity decreased. 
Figure 7.9 shows five-story specimen F2B after failure. The 
deflection of the first-story tension column indicated that the upper 
portion of the column underwent considerable flexural distortion under 
the influence of the horizontal and vertical loads transmitted to the 
top of the columnc The compression column failed in shear causing a 
large drop in load. Spl itting cracks along the tension column near 
mid-height were also observed after failure, indicating that the upper 
portion of the tension column may have been tearing away from the lower, 
braced portion of the column. 
In several of the five-story.specimens (F2C, F3B, P2D, and P2E), 
shear failures occurred at the top of the first-story tension column. 
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In these specimens the lower segment of intact wall braced the tension 
column over nearly its full height, indicating that the shearing capacity 
of the tension column was exceeded before sufficient shear forces could 
be developed to cause further cracking of the wall panel. The loss of 
shear transfer from the tension column to the wall panel represents a 
mode of failure which was emphasized in multi-story structures because 
of the presence of the column thrusts. With the axial tensile forces the 
shear capacity of the column may be reduced to that transmitted by dowel ing. 
This phenomenon would usually not be considered critical in single-story 
structures where the moment-to-shear ratio of the appl ied loads is low. 
8.6 Failure Mechanisms Observed in the Two-Story Specimens 
The mechanisms of failure observed in the two-story three-bay 
specimens were in some respects similar to those observed in the one-bay 
specimens. 
Figure 7.12 shows specimen M2C after failure. The exterior 
columns (ell, C14)* failed in shear although they both showed signs of 
bending over their unbraced lengths prior to failure. (In specimen M2B, 
a comparable two-story specimen, the exterior tension column did not fail 
in shear but developed hinges at the ends of its unbraced length.) The 
interior columns (C12, C13) developed hinges at the ends of their unbraced 
lengths although the windward interior column (C12) may have been nearing 
* Member designations are given in Appendix C. 
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a shear failure at its top end as was the case for specimen M2B. Failure 
was not accompanied by any drastic drop in load because the wall segments 
still provided considerable restraint for the frame. Specimens M2B and 
M2C maintained about 85 percent of their maximum load after the failure 
mechanism developed. 
In the two-story specimens with vertical load (M2D and M2E) all 
of the first-story columns failed in shear. Essentially, the upper portions 
of the three windward columns (Cll, C12, C13) tore away from the lower 
portions which were braced by segments of the wall. The lower portion 
of the exterior compression column (C14) also failed in shear. The crack 
pattern indicated flexural distortion of the columns prior to failure, 
an observation which was supported by the strains measured on the column 
reinforcement. As observed in the specimens without vertical load, the 
drop in load when the failure mechanism developed was not drastic. 
Specimens M2D and M2E maintained about 70 percent of their maximum load. 
8.7 Failure Mechanisms Observed in the Specimens with Openings 
Specimens with openings failed in the same modes described for 
the specimens with solid walls. However, they did show more of a tendency 
toward flexural or hinging type failures because of the greater flexibil ity 
resulting from the openings. The size, shape, and location of the openings 
had a definite influence on the location of the hinges which developed 
(Chapter 7). 
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9. SUMMARY OF OBSERVED RESPONSE OF FRAMES WITH FILLER WALLS 
9.1 Observed Response 
The stages of response observed in the frames with filler walls 
during testing are summarized in this section. A flow chart indicat.ing 
the critical stages is shown in Fig. 9.1. 
The initial response of the specimens was primarily dependent 
on the shearing rigidity of the filler walls. As indicated by the load-
deflection relationships, the initial response was practically 1 inear. 
It was possible to calculate the initial load-deflection relationship 
using a standard elastic analysis for the bending and shearing components 
of the total deflection. Linear response was terminated by cracking of 
the filler wall. The primary types of cracking which were observed are 
idealized in Fig. 5.1. Flexural or shear cracking of the wall caused 
the first significant changes in the initial response of the structures, 
even though cracks may have developed first in the frame. 
Flexural cracks formed prior to shearing cracks in the five-
story structures, while shearing cracks developed first in the one- and 
two-story structures. This result was reasonable because of the 
relatively high moment-to-shear ratio of the appl ied loads on the first 
story of the five-story structures (the critical phenomena observed 
were confined primarily to the first-story level). 
Two modes of response were possible in the five-story 
specimens subsequent to the development of flexural cracks. For lightly 
1 01 
reinforced frames, the yielding capacity of the tension column could be 
developed before any shearing cracks formed in the walls. For more 
heavily reinforced frames, or for specimens with appl ied vertical load, 
shearing cracks could develop in the wall before the tension columns. 
yielded. The development of shearing cracks resulted in a different 
response to appl ied loads than what would be expected by considering 
the structure to respond as a slender cantilever beam. 
In two of the five-story structures, those with the lowest 
amount of reinforcement, the yield capacity of the tension column was 
reached prior to the development of shearing cracks in the walls. 
The response of these specimens was defined by ordinary beam theory. 
With the formation of shearing cracks in the walls of one-, 
two-, and five-story specimens, a system of braced columns developed 
which governed the response of the systems. The rigidity of the frame-
wall systems was reduced considerably, with the behavior of the structures 
becoming more dependent on the physical properties of the frame because 
the columns in the lower story of the frames were being braced by segments 
of the cracked wall. The braces reduced the effective height of the 
columns, allowing the frame to carry higher loads than it could without 
the braces. Figure 7.2 shows a hypothetical model for the system of 
braced columns which illustrates the load-carrying mechanism of the 
system. The braced columns carried most of the appl ied load, while some 
of the load was transmitted through the. wall segments by frictional 
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forces. Thus, the strength of the structures was dependent on the 
capacity of the unbraced columns and the amount of normal force developed 
i n the wa 1 1 s • 
Figure 8.1 shows an ideal ized representation of the failure 
modes observed in the specimen. In the cases where shearing cracks 
formed in the walls, failures resulted with the development of the 
flexural or shear capacity of the unbraced portions of the columns. 
9.2 Influence of the Controlled Variables 
The load-deflection relationships for the frame-wall structure, 
used as a measure of their response, were found to be influenced by the 
following controlled variables: 
(1) Height or number of stories: Comparable load-deflection 
relationships for one- and five-story specimens indicated that an 
increase in flexibil ity resulted from.the overturning moment on the 
first story of the five-story structures. This result is illustrated 
in Fig. 9.2 which shows the top beam deflection of specimen S2H and 
the first-story beam deflection of specimen F2B plotted against 
total load. In the first story of the five-story specimens, the 
overturning moment initiated flexural cracks, which were not observed 
as a primary mode of cracking in the one-story specimens. Perhaps 
the most significant effect of the increase in the number of stories 
was the column thrusts in the lower story columns caused by the 
overturning moments. Compressive thrusts which developed in the 
first-story compression column of the five-story specimen caused it 
to behave in a more brfttle manner, while the axial tensile force 
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developed in the first-story tension column resulted in a greater 
flexibil ity of the column. In addition, the shearing capacity of 
the tension column may be reduced to dowel ing resistance because 
of the axial tensile force. 
(2) Width or number of bays: The three-bay structures were 
considerably stiffer and stronger than the one-bay structures, based 
on comparable load-deflection reJationships. This result was 
expected. The wall panels in the first story of the three-bay 
specimens cracked in sequence from the windward to leeward panel 
indicating that the overturning moment on the first story was 
causing a strain gradient acrois the full width of the structure. 
Shear cracks in the multi-bay structure led to a complex system of 
braced columns because of the interior bay and columns. In develop-
ing the capacity of the braced-column system, the influence of 
frictional forces was more evident in the three-bay than in the 
one-bay structures. 
(3) Amount, quality, and arrangement of the frame reinforcement: 
These variables were studied experimentally in the five-story 
specimens by varying the frame reinforcement ratio from 0.011 to 
0.022 to 0.034. Figure 9.3 shows the load-deflection relationships 
for three of the five-story specimens, each with a different amount 
of frame reinforcement. The curves indicate that the strength and 
stiffness of the specimens were increased by the addition of frame 
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reinforcement. What the curves do not show expl icitly is that 
the mode of response also varied with the amount of reinforcement 
as exp 1 a i ned inSect ion 9. 1 • 
(4) Vertical load: The appl ication of a constant vertical 
load had effects similar to those observed for increases in the 
amount of frame reinforcement. The strength and stiffness of the 
frame-wall structure were increased with the addition of vertical 
load. This point is illustrated by the load-deflection curves 
shown in Fig. 9.4 for five-story structures with and without vertical 
load, and in Fig. 9.5 for two-story specimens with and without 
vertical load. The vertical precompression not only stiffens and 
strengthens the columns, but it also increases the shearing 
capacity of the walls. 
(5) Size, shape, and location of wall openings: The influence 
of openings in the filler walls can be seen in Fig. 9.6 and 9.7, 
which show load-deflection relationships for five- and two-story 
specimens without openings, and with openings accounting for 50 
percent of the horizontal cross-sectional area of the wall. The 
openings decreased the strength and stiffness of the structure. 
However, it is significant that the strength of the structures 
did not decrease in proportion to the reduction in the area of 
the wall. The primary influence of the opening was that it ~ffected 
the location of the brace height .. The capacity of the specimens with 
openings was also enhanced' by frictional forces which developed 
between the intact seg'ment s of wa 11 • 
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10. RESPONSE OF A FIVE-STORY ONE-BAY FRAME WITH NO FILLER WALLS 
10.1 The Test Specimen 
A five-story one-bay frame, specimen F1A, was tested with no 
filler walls to provide a standard for judging the effects of filler' 
walls on the response of frames. It had the same dimensions, and was 
constructed in the same manner, as the frames which were tested with 
filler walls (Section A.3). The beams and columns of specimen F1A 
had a reinforcement ratio of 0.011, based on the gross area of the 
cross sections. The measured dimensions of the specimen are given in 
Table A.2. Its material properties are 1 isted in Table A.5. 
The following section contains a description of the observed 
response which is compared to the calculated response in Section 10.3. 
A comparison of specimens with and without filler walls is given in 
the concluding section of this chapter. 
10.2 Observed Response 
The lateral deflections measured at the level of each beam in 
specimen F1A are plotted against the total load in Fig. 10.1. These 
relationships, along with the pattern of cracking of the specimen 
(Fig. 10.2), were used to interpret the behavior of the frame. 
The load-deflection relationships indi~ated that the response 
of the specimen was nearly e1asto-p1astic. The initial portion of the 
curves suggested that the structure responded 1 inear1y to the appl ied 
loads. With the development of cracking, 1 inear response was terminated. 
Subsequent to the formation of cracks, there was a relatively small range 
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of nonlinear response characterized by an increasing rate of deflections 
with increasing load. During this range, plastic hinges developed at 
the critically stressed sections adjacent to the beam-column connections, 
resulting in the formation of a yield mechanism. Following the develop-
ment of the flexural capacity of the system, the response of the frame 
was defined by an extensive range in which the load decayed slowly with 
increasing deflection. 
The phenomena observed in the frame during the various stages 
of response defined by the load-deflection relationships are described 
in'detail in the remainder of this section. 
Initial cracking of the frame was observed at a load of 
approximately 0.7 kips. Cracks initiated at the bases of the first-
story columns and at the leeward end of the first-story beam (Fig. 10.2). 
As the loads were increased cracks were observed at the windward end 
of the first- and se~ond-story beams, and at the top ends of the second-
s~ory columns. Further loading resulted in cracking at the leeward 
end of the second-story beam, and at the top end of the third- and fourth-
story columns. Very few cracks were seen in the portions of the beams 
and columns between the beam-column connections. 
At a load of about l.2 kips the load-deflection relationships 
(Fig. 10.1) showed a considerable increase in deflection, implying 
significant yielding of the reinforcement. Loads increased in magnitude 
to a maximum of l.3 kips at a top beam deflection of nearly 2.5 in. At 
this stage, crushing of the concrete was observed at the bases of the 
first-story columns and the ends of the first-story beam. Following 
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the development of maximum load, the load decreased slowly to a value of 
about 1.1 kips at a top beam deflection of 9.5 in., at which point the 
loading was discontinued. 
The yield mechanism developed as follows. Initial yielding 
occurred at the bases of the first-story columns and was followed by 
yielding at the ends of the first-story beam and the top ends of the 
second-story columns, thereby forming a plastic mechanism. This 
mechanism was fully developed at a top beam deflection of approximately 
1.5 in. By the time the top beam deflection reached 3.5 in., additional 
plastic hinges were observed at the ends of the second-story beam and 
the top ends of the third-story columns. The condition of the lower 
stories of the frame at a top beam deflection of approximately 3.0 in. 
is shown in Fig. 10.3. 
While the system maintained load, it deflected considerably. 
Comparing Fig. 10.4 and 10.5 gives an indication of the extensive 
deformations developed in the system. Figure 10.4 shows the condition 
of the base of the first-story compression column at a top beam deflec-
tion of approximately 3.0 in., while Fig. 10.5 shows the state of the 
same connection at a deflection of 5.3 in. Even though crushing had 
already been observed at the joint by the time a 3.0 in. top beam 
deflection was reached, the column underwent considerable rotation 
beyond this point without failing. 
The frame continued to maintain load after one of the rein-
forcing bars in the first-story beam fractured at the windward-end of 
the beam. The deflection at this stage was nearly 9.0 in. 
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The residual deflections of the frame are shown in Fig. 10.6. 
10.3 Calculated Response 
The response of the frame without filler walls could be 
predicted reasonably using conventional elastic and plastic frame 
analyses. Figure 10.7 shows the measured and calculated load-deflection 
curves for deflections of the first-story and top beam. 
(a) Initial Cracking 
The initial 1 inear portion of the curve was calculated assuming 
1 inearly elastic material properties and uncracked transformed cross-
sectional areas for the beams and columns. The modulus of elasticity 
of the concrete was taken as 3 x 106 psi, while that of the steel was 
taken as 30 x 1 06 ps i . 
The maximum moment in the structure, determined from the 
elastic frame analysis, was 
M = 6.1 V (10.1) 
where V is the total lateral load on the structure. The moment, M, is 
in units of inches. The maximum moment occurs at the base of the first-
story columns. Ignoring the influence of the axial forces in the columns, 
the ordinary flexure formula yields the following expression for the 
total load to cause cracking: 
V 
cr 
(10.2) 
-'.', 
l 
l 
where: 
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f t tensile stress at cracking 
Icol moment of inertia of the uncracked transformed column 
cross section 
= distance from the neutral axis to the extreme tensile 
fiber 
In this case the modulus of rupture was used as the tensile stress because 
of the strain gradient across the columns. It was taken to be 20 percent 
greater than the measured spl itting strength. The cracking load calcu-
lated from Eq. 10.2 was 0.5 kips. Although initial cracking was not 
visually observed until a load of 0.7 kips, it is possible for cracking 
to have occurred at a lower load. 
(b) Initial Yielding 
Initial yielding of the frame was attained when moments 
corresponding to the yield capacity of the column cross sections were 
developed at the bases of the first-story columns. In calculating the 
yield capacity of the sections, a yield stress of 41 ksi and a yield 
strain of 0.0015 were used for the reinforcement. The yield load and 
deflection were calculated using a moment of inertia corresponding to 
the cracked, transformed cross section for all members. 
The calculated load and deflection corresponding to initial 
yielding are plotted in Fig. 10.7. Since there were no strain gages on 
the reinforcement in this specimen, a definite indication of the value 
of yield load was not obtained. However, the general shapes of the 
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measured and calculated load-deflection curves are comparable. Because 
fully cracked members were assumed, the calculated results indicate a 
more flexible response than was measured. Actually, little cracking 
was observed between the joints of the members. 
(c) Development of Yield Mechanism 
There are five possible failure mechanisms which can develop 
for this structure. They are shown in Fig. 10.8 in terms of the ratio 
of total appl ied load to yield moment capacity of the cross section vs 
the extent of hinge formation. The values shown in Fig. 10.8 were 
calculated using the center-l ine dimensions of the specimen. As 
indicated in the figure, hinge formation corresponding to a two- or 
three-story mechanism would be expected in the test structure. 
The first mechanism observed in the test frame was the two-
story mechanism: hinges formed at the bases of the first-story columns, 
the ends of the first-story beam, and the top ends of the second-story 
columns. The load calculated to cause the formation of this mechanism 
was 0.96 kips. A similar calculation for the three-story mechanism 
resulted in a yield load of 0.95 kips. However, the three-story 
mechanism was not observed in the test specimen until after the two-
story mechanism had formed. 
The calculated values for the load to cause a mechanism 
represent lower bound values to the actual load because strain hardening 
of the reinforcement in the hinges which developed first was ignored. 
--"1 
1 
l 
l 
l 
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Cd) Ultimate Capacity 
The maximum load carried by the system was calculated by 
assuming that the ultimate moment capacity was developed at the hinge 
locations. 
In calculating the ultimate moment capacity of the sections, 
the measured stress-strain curve for the concrete was approximated by 
a series of straight 1 ines. The 1 imiting strain in the concrete was taken 
as 0.004. The complete stress-strain relationship for the reinforcing 
steel was used in the calculations to account for strain hardening of 
the reinforcement. 
Since the three-story mechanism (Fig. 10.8) was observed at 
later stages of loading, calculation of the ultimate deflection was 
based on the development of this mechanism. The-ultimate deflection 
was calculated by assuming the members to be rigid, with the deflection 
of the system resulting from the movement of the rigid ~embers through 
the ultimate rotation of the hinges at the bases of the first-story 
columns. The ultimate rotation was determined by assuming the ultimate 
curvature to be distributed over a length equal to the effective depth 
of the column. 
The ultimate load and deflection are plotted in Fig. 10.7 
along with the measured load-deflection relationships for deflections 
at the first-story and top beam. The measured capacity was about 13 
percent higher than that calculated. 
1 1 2 
10.4 Comparison of the Response of Frames With and Without Filler Walls 
Two of the five-story specimens with filler walls, F1B and 
F1C, were directly comparable to specimen F1A, which had no filler walls. 
The percentage of reinforcement was the same in the thre~ frames, as' 
was the location of the reinforcement. 
The load-deflection relationships for the three specimens 
are compared in Fig. 10.9, which shows the top beam deflections plotted 
against the.total load. The curves indicate that the response of the 
frames with filler walls was drastically different from that of the 
frame alone. The frames with filler walls were considerably stronger 
and stiffer than the frame without walls. They were also much less 
ductile. 
The mode of failure of specimens F1B and F1C was also 
different from that of specimen FlA. The behavior of specimens F1B 
and F1C was similar to that of a reinforced concrete cantilever beam. 
Failure of the specimens occurred with the development of the yield 
capacity of the tension column, as ~ould be the case in an underrein-
forced beam. F~ame action was minimal. 
The differences in the response of structures with and without 
walls are exaggerated in the comparison given above because the influence 
of g!avity loads was not considered. In an empty frame subjected to 
vertical as well as lateral loads, problems of stabil ity would have to be 
considered, because vertical loads in combination with large lateral 
. --'1 
--, 
j 
1 
l 
l 
i 
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113 
deflections would result in significant secondary overturning moments 
on the structure. Therefore, the ductil ity of the system could be 
1 imited by secondary effects. 
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11. SUMMARY 
The main objective of this investigation was to study the 
response of masonry infilled reinforced concrete frames subjected to 
stat i c 1 atera 1 loads. 
A total of 27 tests were carried out using eighth-scale 
models of reinforced concrete frames. Eight one-story one-bay, twelve 
five-story one-bay, and six two-story three-bay infilled frames were 
tested. One five-story one-bay frame was tested with no filler walls .. 
In addition to the height (number of stories) and width 
(number of bays), the controlled variables were the following: 
(1) amount, quality, and arrangement of the frame 
reinforcement 
(2) vertical loads on the columns 
(3) wall openings 
The influence of the strength of the masonry walls and the 
concrete in the frames was observed, but these properties were not 
systematically varied. 
", 
The p~esence of the filler wall had profound effects on the \ 
strength and response of the frame subjected to lateral loads. In 
---, 
! 
general, the frame-wall combination was considerably stronger than the 
frame alone. It was also less ductile. 
The load-resisting mechanism of the frame-wall combination 
--I 
varied depending on the properties of the individual structural elements ! 
and on the level of loading. 
---, 
! 
i 
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The initial response to load was similar to that of a 
cantilever beam. The system behaved essentially as a beam until the 
wall developed shearing cracks, which were ideally horizontal, 
separat ing the wall into two or more elements. If these cracks did not 
form, the capacity of the frame-wall system developed as a beam fail ing 
in· flexure. 
The initiation of horizontal shearing cracks in the walls 
resulted in a hybrid resistance mechanism in which the shear on the 
structure was resisted by the columns which were partially braced by 
the intact portions of the wall. Failure fol lowed by overcoming the 
resistance of the columns rn shear, flexure, or axial tension. 
In the ranges of loading before the development of horizontal 
shearing cracks, the load-deflection characteristics of the frame-wall 
systems were calculated using the concepts associated with reinforced 
concrete beams. For ranges of loading following the development of 
shearing cracks, the load-deflection characteristics were calculated 
using the knee-braced-frame concept. 
On the basis of the test results the following conclusions 
can be made: 
(1) A considerable increase in strength and stiffness, 
and a decrease in ductil ity is real ized with the addition of 
f ill er wa 11 s • 
(2) Reinforced concrete frames with filler walls subjected to 
lateral loads do not behave as frames at any loading stage. The 
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frame is not remobi1 ized with its original load-deformation 
properties after the cracking of the filler wall, unless an 
extraordinary amount of transverse reinforcement is used in the 
columns. 
(3) The initial response to lateral load of the frame-wall 
system is analogous to the response of a beam. However, this 
analogy fails to describe the load-deformation characteristics 
of the frame-wall system after the development of horizontal 
cracks in the filler wall. 
(4) The critical stage in the response of the frame-wall 
system is the development of a shearing crack, which ideally forms 
along a single joint separating the wall into two parts. 
(5) The load at which the shearing crack forms depends on 
the quality of the masonry and the proportions of the wall. 
Coupon tests on the particular masonry being used may be made to 
obtain a quantitative estimate of the shearing strength. 
(6) The capacity of frame-wall systems may not be 1 imited 
by the development of the shearing strength of the masonry infill. 
The frame may contribute significantly to the capacity of the 
structures after cracking of the wall. 
(7) Before the initiation of shearing cracks, the load-
deflection characteristics of the frame-wall systems could be 
estimated by the same methods ,used for reinforced concrete beams. 
l 
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(8) Fol lowing the initiation of shearing cracks, the 
load-deflection characteristics of the frame-wall systems could 
be calculated using the knee-braced-frame concept based on the 
development of a system of columns braced by segments of the 
cracked wall. 
(9) Openings in the wall resulted in a more flexible system 
with a lower strength. However, the capacity of the structures 
was not reduced in proportion to the reduction in cross-sectional 
area of the wall. The contribution of the f~ame to the strength 
of the system, in addition to frictional forces developed between 
the wall segments, lessened the influence of the openings. 
(10) Because of its unique properties, the use of masonry 
as the material for the filler walls results in a response 
different from what would be expected from other types of filler 
panels. The masonry has predetermined planes of weakness which 
lead to well defined paths of cracking. This orientation of the 
failure planes was one of the primary factors affecting the 
development of the capacity of the structures as a system of 
braced columns. 
(11) 51 ip of the anchored reinforcement contributed a 
significant portion of the total lateral deflection. 
(12) Transverse reinforcement in the columns of the frame 
would increase the ductility and,in some cases, the strength of 
the system. 
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TABLE 2.1 SUMMARY OF THE EXPERIMENTAL PROGRAM 
TYPE MARK REINFORCEMENT VERTICAL LOAD OPENINGS 
RATIO (p ) g (kips/column) 
S2B 0.022 0 No 
S2C 0.022 0 Yes 
ONE-STORY S2D 0.022 0 Yes 
ONE-BAY S2E 0.022 0 Yes 
(Fig. A.1 and A.3) S2F 0.022 0 Yes 
S2G 0.022 0 Yes 
S2H 0.022 0 No 
521 0.022 0 No 
F1A~h': 0.011 0 
F1B 0.011 0 No N 
F1C 0.011 0 No 
F2B 0.022 0 No 
FIVE-STORY F2C 0.022 0 No 
ONE-BAY F3B~': 0.034 0 No 
(Fig. A.8, A.10 F3(;', 0.034 0 No 
and A. 11 ) P2B~': 0.022 5.0 No 
P 2C ~': 0.022 5.0 No 
P 2D~': 0.022 2.5 No 
P 2E ~', 0.022 2.5 No 
H 2B-;': 0.022 2.5 Yes 
H 2C,;', 0.022 2.5 Yes 
M2B 0.022 0 No 
TWO-STORY M2C 0.022 0 No 
THREE-BAY M2D 0.022 2.5 No 
(Fig. A.22 and A.24) M2E 0.022 5.0 No 
M2F 0.022' 0 Yes 
M2G 0.022 5.0 Yes 
.'. Precast reinforced concrete panels used as filler walls in upper three stories 
~h': No fill e r wa 1 1 s 
I 
-.J 
TABLE 5.1 OB5E~VEO AND CALCULATED CRACKING L~D5 
Reinforcement Vertical LOild Observed {Calculatedi
J ) {kI2s} 
[Flexural or 
Hark Rat 10 (p ) klps/colUM pslln Open I ngs (2) (kips) Cracking of Piers] [Shear) g 
52B 0.022 0 0 No J.8 2.9 2.4 
s.ac 0.022 0 0 Yes J .1 1.1 1.7 
520 0.022 0 0 Yes 2.1 0.9 3.0 
52E 0.022 0 0 Yes 2.J 1.1 1.7 
52F 0.022 0 0 Yes 1.5 0.7 3.0 
52G 0.022 0 0 Yes 1.5 0.9 3.0 
S2H 0.022 0 0 No 2.4 2.9 2.4 
521 0.022 0 0 No 2.4 2.9 2.4 
FIB 0.011 0 0 No 0.7 0.9 2.4 
FIC 0.011 0 0 No 0.9 2.4 
F2B 0.022 0 0 'No 0.9 1.0 2.4 
F2C 0.022 0 0 No ~ 1.0 2.4 
FlB 0.034 0 0 No 0:9 1.1 2.4 
F3C 0.034 0 0 No 1.1 1.1 2.4 
P2B 0.022 5.0 210 No 2.7 3. I 5.7 
P2C 0.022 5.0 210 No 2.6 J .1 5.7 
P2D 0.022 2.5 lOS No 1.8 2.0 4.0 
P2E 0.022 2.5 lOS No 1.B 2.0 4.0 
H2B 0.022 2.5 145 Yes 1.6 1.6 3.3 
H2C 0.022 2.5 145 Yes 1.2 1.6 3.3 
Panel 
WI) w12 WI3 
H2B 0.022 0 0 No 4.2 12.0 14.0 7.6 7.2 
M2C 0.022 0 0 No 4.2 6.B 9.5 7.6 7.2 
H2O 0.022 2~5 Bo No 11.6 11.6 11.6 IJ.B 10.9 
M2E 0.022 5.0 160 No 19.0 19.0 19.0 19,B 14.8 
H2F 0.022 0 0 Yes 4.0 7.0 7.0 3.J 5.1 
H2G 0.022 5.0 245 Yes B.O ' 9.0 12.0 11.4 13.6 
(I )Vertlcal load 'unrformly distributed over frame~all cross section (transformed area). 
(2)See Figures A.I, A.3, A.B, A.IO, A.II • A.22, and A.24. 
(3)Refers to flexural cracking (F), cracking of the piers (PF), and shear cracking (S) as shown In Fig. 5.1 and 5.3. 
-~ I ___ .J ___ J ____ J. ------) - --. --- -~ 
Mode (J) Observed 
Observed Calculated Calculated Hark 
F 5 1.58 52B 
PF PF 1.62 S2C 
PF, PF f~34 S21'" 
PF PF 2.09 S2E 
' PF PF 2.14 52F 
PF PF 1.67 52G 
5 5 1.00 S2H 
5 s 1.00 521 
F F 0.78 FIB 
F FIC 
F F 0.90 F2B 
F F 0.90 F2C 
F F 0.82 FJB 
F F 1.00 FlC 
F F 0.87 P2B 
F F 0.84 P2C 
F F 0.90 P2D ~ 
F F 0.90 P2E 
PF PF 1.00 H2B 
PF PF 0.75 H2C 
5 5 0.58 H2B 
S 5 0.58 H2C 
5 5 1.06 H2O 
5 5 1.28 H2E 
PF PF 1.21 H2F 
PF PF 0.70 H2G 
TABLE 6.1 OBSERVED AND CALCULATED CAPACITIES OF FIVE-STORY SPECIMENS AS DETERMINED FOR YIELDING 
OF THE COLUMN REINFORCEMENT 
Max. Load 
Calculated* Mark Re I nforcement Ver't lea 1 load Observed Observed 
Rat 10 (p ) (k ips/co 1 umn) (k i ps) (k I ps ) Calculated 
9 
F1B 0.011 0 2.6 2.6 1.00 
F1C 0.011 0 3.1 2.8 1.11 
F2B 0.022 0 5.9 5.4 1.09 
F2C 0.022 0 5.7 5.6 1.02 
N 
w 
F3B 0.034 0 6.1 7.6 0.80 
F3C 0.034 0 7.2 7.6 0.95 
P2B 0.022 5.0 8.4 8.9 0.94 
P2C 0.022 5.0 8.5 8.9 0.96 
P2D 0.022 2.5 7.7 6.9 1.12 
P2E 0.022 2.5 7.3 6.9 1.06 
"/( 
Based on Eq. 6.1 
TABLE 7.1 OBSERVED AND CALCULATED CAPACITIES OF SPECIMENS WITHOUT OPENINGS 
Mark Re 1 nforcement Vertical Load Max. Load Ca 1 cuI ated (2) Observed 
ps i (1 ) Rat i 0 (p ) kips/column Observed Calculated 
9 (k ips) (k Ips) 
S2B 0.022 0 0 9.2 5. 1 1 .80 
S2H 0.022 0 a 5.0 5. 1 0.98 
S.21 0.022 0 0 6.4 5. 1 1 .25 
F2B 0.022 a 0 5.9 5. 1 1 • 16 
F2C 0.022 0 0 5.7 5 • 1 1 .12 
F3B 0.034 0 a 6. 1 6.0 1 .02 
F3C . 0.034 0 0 7.2 6.0 1 .20 
P2B 0.022 5.0 210 8.4 9.2 0.91 
P2C 0.022 5.0 210 8.5 9.2 0.92 
N P20 0.022 2.5 105 7.7 7.2 1 • 07 .. 
P2E 0.022 2.5 105 7.3 7.2 1 .01 
H2B 0.022 a a 17.9 10.2 1 .75 
H2C 0.022 0 a 17.0 10.2 1.67 
H2O 0.022 2.5 80 20.2 15. 1 1 .34 
H2E 0.022 5.0 160 25.9 19.3 1 .34 
(l)Vertlcal load uniformly dIstributed over frame~all cross sectIon (transformed area) 
(2)Based on knee-braced-frame hypothesis (Section 7.2) 
~ __ J 
_____ J 
TABLE 7.2 OBSERVED AND CALCULATED CAPACITIES OF SPECIMENS WITH OPENINGS 
Mark (1) Reinforcement Vert leal Load (2) Max. Load Calculated(3) 
Observed 
Rat 10 (p ) kips/column psi Observed Calculated 
9 (k ips) (k i ps ) 
S2C 0.022 0 0 7.6 3.4 2.24 
S2D 0.022 0 0 5.9 2.7 2.18 
S2E 0.022 0 0 6.3 3.8 1.66 
S2F 0.022 0 0 5.1 3.4 1.50 
S2G 0.022 0 0 6.4 2.7 2.37 
H2B 0.022 2.5 145 5.7 5.1 1.12 N 
V'I 
H2C 0.022 2.5 145 6.0 5. 1 1.18 
M2F 0.022 0 0 14.4 8.5 J. 70 
M2G 0.022 5.0 245 19.1 15 ':J 1.20 
(1)See Fig. A.3, A.l1, and A.24 
(2)vertical load uniformly distributed over frame-wall cross section (transformed area) 
(3)Based on knee-braced-frame hypothesis (Section 7.2) 
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FIG. 7.9 BOTTOM STORIES OF SPECIMEN F2B AFTER FAILURE 
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176 
lLJ 
c::::: 
:::J 
-I 
H 
ct 
l.J... 
c::::: 
lLJ 
f-
l.J... 
ct 
U 
N 
::L 
:z: 
w 
::L 
H 
U 
W 
a.. 
V') 
lJ.. 
a 
:c 
a.. 
ct 
c::::: 
c.!l 
a 
f-
a 
:c 
a.. 
lLJ 
f-
H 
V') 
a 
a.. 
::L 
a 
u 
c.!l 
H 
l.J... 
---) 
I 
l 
----, 
I 
! 
I 
I 
l 
l 
l 
C1) 
::c 
177 
Loading Direction 
== 
35~--~----~----~----~---'----~----~----~--~----~ 
30 
20 
10 
30 
20 
10 
20 40 60 BO o 
o Load NO.7 (B.I kips) 
6. Load No. 15(24.0 kips) 
o Load No.17 (IB.O kips) 
Vmax = 25.9 kips 
o Load No. 7(4.0 kips) 
6. Load No.16 (16.0 kips) 
o Load No.19(12.B kips) 
Vmax = 19.1 kips 
20 40 60 
Percent Deflection of Top Beam 
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FIG. 7.15 FIRST STORY OF SPECIMEN P2B AFTER FAILURE 
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APPENDIX A. DESCRIPTION OF THE EXPERIMENTAL PROGRAM 
A. 1 I nt rod uctory Remarks 
Detailed descriptions of the geometrical and material properties of 
the test specimens as well as the fabrication, instrumentation and tes~ing 
procedures are described in detail in this appendix. 
The measured dimensions for all of the specimens are given in 
Tables_A.l, A.2, and A.3. The material properties of the specimens are 
summarized in Tables A.4, A.5, and A.6. 
A.2 Description of the One-Story One-Bay Specimens 
(a) Dimensions 
The overall nominal dimensions of the one-story test specimens are 
given in Fig. A.l. The height from the top of the base to the top of the 
frame was 21 in. The width of the specimen was 36 in. outside-to-outside of 
the columns. The wall panel was 15 in. in h~ight by 30 in. in width and 
0.875 in. thick. The nominal cross-sectional dimensions of the columns were 
3 by 3 in.; measured values are given in Table A.l. Measured material 
properties are given in Table A.4. 
The top beam had a- 3 by 6-in. cross section. The hole shown in the 
beam was used to accommodate a 1.5-in. diameter loading pin (see Section A.8) 
and was located at mid-length and mid-height of the beam. 
The base beam was 3 in. wide and 6 in. deep .. It was tightly clamped 
to the loading frame during testing. 
Center-to-center dimensions of the test specimen are given in 
Fig. A.2. 
(b) Modifications for Controlled Variables 
For the one-story specimens, the only modifications were the wall 
openings. 
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Specimens S2B, S2H, and S2I had no openings 
represented. the basic specimen. 
(F i g. A. 1 ) . They 
Openings accounted for approximately 50 percent of the horizontal 
cross section of the wall in specimens S2C, S2E', and S2F (Fig. A.3). In 
specimen S2C a 7.5 by l5.5~in. opening was located concentrically in the 
wall panel. A 7.5 by l5.5-in. opening was located at the bottom of the wall 
panel in specimen S2E. The opening was symmetric about the vertical center 
1 ine of the wall panel. In specimen S2F two 7.5 by 7 .5-in .. openings were 
symmetrically situated with one opening on each side of the vertical panel 
centerl ine. Both openings were symmetric about the horizontal panel center line. 
Specimens S2D and S2G had 1 by 13-in. openings (Fig. A.3). 
(c) Amount and Arrangement of the Reinforcement 
A reinforcement ratio of 2.2 percent per column (based on overall 
, dimensions) was used in all of the one-story specimens. Figure A.4 shows the 
longitudinal reinforcement location in the column, top beam, and base beam 
cross sections. A view of the reinforcement arrange~ent indicating the 
stirrup placement is shown in Fig. A.5 and photographs of the reinforcing cage 
in the formwork are shown in Fig. A.6 and A.7. The important reinforcement 
details are described below. Section A.5 gives the properties of the 
reinforcement. 
The longitudinal column reinforcement consisted of eight 0.177-in. 
round bars (area = 0.0246 sq. in. per bar). The column reinforcement was 
anchored in the base beam for a total le~gth of approximately 12 in. This 
length was provided to develop the yield stress of the bars (see Section A.5 
for a discussion of the bond properties of the reinforcement). At the top of 
the columns the four exterior bars were extended into the top beam and butt 
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welded at mid-span. The bottom longitudinal reinforcerrent in the top beam 
was also welded at mid-span. 
Welding of the reinforcement was kept to a minimum in all of the 
specimens (including the five-story and two-story specimens). Where welding 
was necessary to facilitate construction of the reinforcing cages the welds 
were located away from critical sections. As a precaution, tests were 
conducted to determine an available welding process which would have the 
least influence on the steel properties. As a result of these tests a gas 
welding process (oxyacetylene) was chosen over a gas shielded-arc welding 
process (Mig welding). All welds were made using the oxyacetylene process 
with a filler metal having a tensile strength of 70,000 psi. 
Only one stirrup, located at mid-height, was used in each column. 
These stirrups were provided for tying and keeping the reinforcement in place. 
The st irrups were cut from O.OBO-in. round wire (area = 0.0050 sq. in. per 
wire). All stirrup~ used in the specimen were closed. 
Special reinforcement details were used in the top beam since the 
lateral load was appl ied through it. The top and bottom longitudinal rein-
forcement consisted of 0.177-in. round bars. A 3-in. length of 1.5-in. diameter 
black pipe was cast in the center of the beam to accommodate a loading pin. 
Six 33-in. lengths of No.2 deformed bars (diameter = 0.25 in., area = 0.05 
sq. in.) were arc welded to the pipe segment as indicated in Fig. A.4, A.5, 
and A.6. These bars were used to assist in transmitting th~ load along the top 
beam and to provide supplementary reinforcement for the beam. Two 0.1205-in. 
diameter wire stirrups (area = 0.0114 sq. in. per wire) located near the third 
points of the beam tied the top and bottom longitudinal reinforcement, and two 
O.OBO-in. diameter wire stirrups located as shown in Fig. A.S tied the No.2 
deformed bars. 
l 
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The base beam was reinforced with three No.2 deformed bars top and 
bottom (Fig. A.4, A.5, A.6). Closed stirrups of 0.1205-in. round wire were 
placed at 0.5-in. centers on both sides of the base beam-column joints. The 
primary function of these stirrups was to insure adequate shear resistance in 
the base beam. One stirrup was used at the mid-length of the base beam to 
assist in the fabrication of the cage. 
A.3 Description of the Five-Story One-Bay Specimens 
(a) Dimensions 
The actual dimensions of the specimen are given in Table A.2 and 
the material properties are summarized in Table A.5. 
Figure A.8 shows the overall dimensions of the test specimen. The 
specimen measured 7.5 ft from the top of the base beam to the top of the 
frame and 3 ft out-to-out of columns. The masonry panels had a width-to-
height ratio of two and a thickness of 0.875 in. The cross-sectional 
dimensions of the beams and columns were 3 by 3 in. 
Two one in. diameter holes were located in each beam at the third 
points of the '3-ft width. Th~se holes accommodated the pins used for loading 
the specimen. 
The base beam, which measured 3 by 6 in. in cross section, was 
clamped to the loading frame during testing. 
Center-to-center dimensions of the test specimen are given in 
Fig. A.9. 
(b) Modifications for Controlled Variables 
Three basic changes were made to the five-story specimens. These 
were modifications for precast panels in the upper stories, for vertical load 
(dead load simulation), and for openings. 
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After four five-story filled frames (F18, F1C, F28, F2C) were 
tested the filler panels in the top three stories of the remaining five-story 
specimens were made of precast reinforced concrete instead of masonry (Fig. 
A.10). The initial series of tests had indicated that the critical ph~nomena 
were taking place in the bottom two panels. The precast pane.ls were used to 
facil itate construction of the specimens and to save time. Section A.5 con-
tainsinformation on the precast panel materials and Section A.6 describes 
their fabrication. 
Vertical load was appl ied to specimens P28, P2C, P2D, P2E, H28, 
and H2C to simulate dead load. This load was appl ied through 0.25-in. seven-
wire prestressing strand which was inserted through 0.375-in. diameter holes 
provided in the columns of the frame. Figure A. 10 shows the location of these 
holes. A description of the vertical load system is included in Section A.B. 
Specimens H28 and H2C had openings in the bottom two panels. These 
openings represente~ 50 percent of.the transverse wall area in each panel. The 
openings were concentrically located in each panel as shown in Fig. A.11. The 
openings were 7.5 by 15.5 in. 
(c) Amount and Arrangement of the Reinforcement 
Three different reinforcement ratios were used in the five-story 
specimens. These ratios were 1.1, 2.2, and 3.4 percent in both the beams 
and the columns (based on overall dimensions). Sectio~ A.5 give~ the 
propert i es of all re inforcement • 
(1) Test Frames with 1.1 Percent Reinforcement 
Specimens F1A, F18, and F1C had 1.1 percent reinforcement. The 
location and arrangement of the reinforcement are shown in Fig. A.12 and 
A.13. The dimensions shown are nominal. The actual dimensions·are given in 
Table A.2. 
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The longitudinal steel in the' beams and columns consisted of four 
0.l77-in. round bars (area = 0.0246 sq. in. per bar). The column steel was 
anchored in the base for a length of approximately 12 in. The two exterior 
column bars were bent into the top beam and welded at mid-span. The beam 
steel was also welded at mid-span as indicated ·in Fig. A.13. (See Section 
A.2 for a description of the welding process.) 
A closed stirrup of 0.080-in. diameter wire (area = 0.0050 sq. in. 
per wire) was located in the columns at the mid-height of each story and also 
at. mid-spans :and quarter-points of each beam. These stirrups were provided 
to facilitate construction of the reinforcing cage. 
The base beam was reinforced with four No.2 deformed bars 
(diameter = 0.25 in., area = 0.05 sq. in. per bar). Closed stirrups of 
0.1205-in. diameter wire (area = 0.0114 sq. in. per wire) were located on 
0.5-in. centers at the base beam-column joints. In specimen FlA half as 
many stirrups were used on l-in. centers. 
(2) Test Frames with 2.2 Percent Reinforcement 
Specimens F2B, F2C, P2B, P2C, P2D, P2E, H2B, and H2C had reinforce-
ment ratios of 2.2 percent. Figures A.14 and A.l5 show the location and 
arrangement of the reinforcement in these specimens. Details of a beam-
column joint and the base beam are shown in Fig. A.16 and A.17 (specimen P2B). 
The reinforcing cage for these specimens was similar to that in 
specimens with 1.1 percent steel. However, eight 0.177-in. round bars were 
used for longitudinal beam and column reinforcement to obtain a reinforcement 
ratio of 2.2 percent. The beam steel was welded at mid-span. 
Specimens F2B and F2C had base beams which were reinforced 
identically to those in specimens FlB and F1C. 
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Specimens P2B, P2C, P2D, P2E, H2B, and H2C had more heavily 
reinforced base beams. Eight additional No.2 deformed bars were added as 
i nd i cated in Fig. A. 14, A. 15, and A. 17 . 
(3) Test Frames with 3.4 Percent Reinforcement 
Specimens'F3B and F3C had 3.4 percent reinforcement. Figures:A.18 
and A.19 show the longitudinal reinforcement location and the base beam 
details. The reinforcement arrangement is shown in Fig. A.20 and A.21. 
Four 0.3125-in. round bars (area = 0.0767 sq. in. per bar) were 
used for t'he longitudinal beam and column steel. The exterior two bars in 
each column were bent into the top beam and welded at mid~span. The beam 
rei nforcement was a 1 so we 1 ded at mi d:-s pan. (See Sect i on A. 2 for a descr i p- . 
tion of the welding process.) The interior two bars in each column were bent 
into the top beam about 12 in. At the base, the bars in the compression 
column were extended into the base beam. No stirrups were used in the beams 
or columns. 
The base beam was reinforced as indicated in Fig. A.18b and A.19. 
The tension column bars were welded to 0.375-in. thick base plates which 
assisted in transferring the load to the reaction frame. The longitudinal 
base beam reinforcement ·consisted of four 0.3125-in. round bars, two 0.50-in. 
diameter No.4 deformed bars (area = 0.20 sq. in. per bar) and one Oo75-in. 
diameter No.6 deformed bar (area = O.44·sq. in.). The four 0.3125-in. 
rou.nd bars extended the length of the beam while the No.4 and No.6 bars 
extended as indicated in Fig. A.19 and A.20. Seventeen 0.3125-in. diameter 
closed stirrups were distributed in the base beam as shown in Fig. A.19 and 
A. 20. 
F!gure A.21 gives an overall view of the reinforcement in the 
formwork for the specimens with 3.4 percent reinforcement (specimen F3B). 
--. ) 
i 
l 
217 
A.4 Description of the Two-Story Three-Bay Specimens 
(a) D imens ions 
The actual dimensions of the specimen are given in Table A.3 
and the material properties are summarized in Table A.6. 
Figure A.22 gives the overall nominal. dimensions of the test 
specimen which was 42 in. from the top of the base beam to the top of the 
frame. The overall width, out-to-out of columns,was 102 in. 
The columns and interior beams had cross-sectional dimensions of 
3 by 3 in. The top beam was 3 in. wide by 9 in. deep and the base beam was 
3 in. wide by 12 in. deep. The base beam was tightly clamped to the loading 
frame during testing. 
The panel dimensions were 15 by 30 by 0.875 in. 
The hole at the mid-height and mid-length of the top beam was used 
to accommodate a 1.5-in. diameter loading pin (Section A.8). Holes were 
provided in two of the interior beams as shown in Fig. A.22 to accommodate 
l-in. diameter loading' pins (Section A.8). 
Figure A.23 gives the center-to-center dimensions of the test 
specimen. 
(b) Modifications for Controlled Variables 
Two modifications were made to the two-story three-bay specimens. 
These were for vertical load app1 ication and for openings (Fig. A.24). 
Vertical load was appl ied to specimens M2D, M2E, and M2G through 
0.25-in. diameter seven-wire prestressing strand which was run through the 
center of the columns (Section A.8). All of the. two-story specimens had 
0.375-in. diameter holes in the center of the columns (Section A.6). 
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Specimens M2F and M2G had openings in the masonry panels (Fig. A.24). 
In both specimens, 7.5 by 15.5-in. openings were located symmetrically about 
the center of each of the six wall panels. 
The openings represented approximately 50 percent of the horizontal 
cross-sectional area of the walls. 
(c) Amount and Arrangement of the Reinforcement 
All of the two-story three-bay specimens had a reinforcement ratio 
of 2.2 percent (based on overall dimensions). The location of the longitudinal 
reinforcement in all beams and columns is shown in Fig. A.25. The arrangement 
of the reinforcement including stirrup locations is given in Fig. A.26. 
Figure A.27 provides a partial view of a completed reinforcing cage. Section 
A.5 gives the properties of the reinforcement used. 
The column and interior beam longitudinal reinforcement consisted 
of eight 0.177-in. diameter wires (area = 0.0246 sq. in. per bar). The 
column reinforcement was formed using four closed loops per column (Fig. 
A.26). These loops were welded at one corner. (Section A.2 contains a 
description of the welding process.) The interior beam reinforcement was 
also formed using four continuous loops which were welded at diagonally 
opposite corners. 
In specimens M2B and M2C closed s'tirrups were used at the rnid-
he i ght of each co 1 urnn. A 1 so, three closed st i rrups wer,e used in each of the 
interior beams as shown in Fig. A.26a. These stirrups were cut from 0.1205-in. 
diameter wire (area = 0.0114 sq. in. per wire). 
In specimens M2D, M2E, M2F, and M2G no stirrups were used in the 
columns and the middle stirrup in each of the interior beam~ was not used. 
--~ 
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The longitudinal steel in the top beam and the base beam was 
provided by 0.25-in. diameter deformed bars. The amount and location of 
these bars are given in Fig. A.25b. Figure A.26a shows the location of the 
top beam and base beam stirrups. Closed stirrups cut from 0.177-in. ~iameter 
wire were used. At the co-1umn-beam joints the stirrups were placed on lain. 
centers. 
At the mid-height and mid-length of the top beam a 3-in. length of 
1.5-in. diameter black pipe was arc welded to the four interior longitudinal 
reinforcing bars. This pipe was used to accommodate a loading pin and to 
help distribute the load from it. 
A.5 Materials 
(a) Frame Reinforcement 
Table A.7 gives a summary of the various types of reinforcement used 
in the one-story, five-story, and two-story specimens. The reinforcement is 
designated by -the diameter of the bar or wire. 
The yield siress and strength for the longitudinal reinforcement 
in the columns and interior beams of all the specimens are summarized in 
Tables A.4, A.5, and A.6. Each value given is the average of at least six 
tensile tests. In some cases the values of the yield stress and maximum 
stress are repeated for several specimens. The cages for the one-story 
series (52) were all built out of steel from the same shipment and the values 
giv~n in Table A.4 were obtained from a random sampl ing of the total steel 
population in this shipment. In many cases the reinforcing cage fabrication 
process for the five-story specimens was expedited by building two companion 
specimens simultaneously. Since the steel was cut from reinforcement taken 
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out of the same steel shipment for both' specimens only one coupon sampl ing 
was taken as representative of both specimens. The 0.3125-in .. diameter bars 
(specimens F3B and F3C) were all obtained in one steel shipment. 
Histograms showing the frequency distribution for the measured 
values of the yield stress 'and strength of the 0.177-in. diameter wire are 
given in Fig. A.28 and A.29. In constructing the histograms the results of 
all the tensi le tests made on the 0.177-in. diameter wire were included. 
A summary of the tensile test results for the D.3125-in. diameter 
in the histograms shown in Fig. 30. 
The preparation of the reinforcement and its stress-strain 
characteristics are described below. 
(1) The 0.177-in. Diameter Wire 
Number 7 gage steel wire (diameter = 0.177 in., area = 0.0246 sq. 
in. per wire) was used as the beam and column longitudinal reinforcement in 
all of the specimen~ except in F3B and F3C. 
Because the wire was straightened, anneal ing was necessary obtain 
a distinct yield point. To determine the annealing temperatures, trials were 
made using bright basic and black annealed wire both of which were heat 
treated at various temperatures for two hours. The results of these trials 
are given in Fig. A.31 and A.32. The pornts designated "Talbot" were obtained 
from steel annealed in the laboratory while those marked "Chicago" were obtained 
from steel annealed by Fred A. Snow and Company in Chicago. On the basis of 
these tests black annealed wire which had been heat treated at 8000 F for two 
hours was selected for use as reinforcement o This wire gave a satisfactory 
yield stress of approximately 42 ksi. 
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The process of preparing the wire for use in the specimens was 
as f 0 1 lows: . 
(1) The black annealed wire was obtained in straightened l2-ft 
lengths from the suppl ier. 
(2) The straightened batches were he·at treated at 8000 F for two 
hours by Fred A. Snow and Company of Chicago. 
(3) The heat treated wires were then washed in a 50 percent solution 
of muriatic acid (HC£). 
(4) Finally, indentations were formed in the wires using a machine 
specifically designed for this purpose. 
A representative stress-strain curve resulting from the above process 
is shown in Fig. A.33. The stress-strain curves for this wire were obtained 
using tension specimens instrumented with a mechanical extensometer (2-in. 
gage length) and also c6-l2l-B Budd Metalfilm electrical strain gages. The 
deviation from an elasto-plastic stress-strain curve is due to the deforming 
process and to strain hardening. The magnitude of the strain recorded at 
ultimate stress was approximately 20 percent. 
The purpose of the deforming or knurl ing process was to improve the 
bond between the reinforcement and the frame concrete. Figure A.34 shows the 
knurl ing machine and Fig. A.35 shows a closeup of the knurled wire. A 
series of bo~d pull-out tests were made to determine the effect of the knurl ing 
process. Figures A.36 and A.37 show the pull-out test specimen and the test 
setup. A photograph of a bond specimen during testing is given in Fig. A.38. 
A bonded length of one in. was used. The fabrication, casting, and curing 
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of all specimens was the same. At the time of testing (14 days), the average 
concrete compress ive strength (4 by 8-in. cyl inders) was about· 4400 ps i. A 
complete description of the bond pull-out test procedure is given by Stocker 
(1969) . 
The results of the pull-out tests are given in Fig. A.39 and A.40. 
In Fig. A.40 the logarithm of the slip is plotted to emphasize the initial 
portion of the curve. There was scatter in the individual results with the 
low results from the knurled wire falling below the high r~sults from the 
plain wire. However, the average curves indicate an improvement of bond. 
(2) The 0.3125-in. Diameter Bars 
The longitudinal reinforcement used in the columns and beams of 
specimens F3B and F3C was cut from l6-ft lengths of hot rolled round bars 
(d i ameter 0.3125 in., area = 0.0767 sq. in. per bar). The bars were acid 
washed in a 50 percent solution of muriatic acid and then deformations were 
formed in the bars using the knurling machine (Fig. A.34). A representative 
stress-strain curve for this steel is given in Fig. A.4l. The stress-strain 
curve was obtained from tests on tensile coupons instrumented with a mechanical 
extensometer (2 in. gage length) as well as c6-12l-B Budd Metalfoil electrical 
strain gages. The dotted 1 ine shown along the initial break in the curve 
(Fig. A.4l) indicates the variation encountered in the characteristics of these 
bars. The magnitude of the strain recorded at ultimate.stress ranged from 
15 to 20 percent. 
Bond pull-out tests were also run' to compare the bond characteristics 
of the plain and knurled 0.3l25-in. diameter bars. The pull-out test specimen 
and test setup are shown in Fig.A.36, A.37, and A.38. The concrete compressive 
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strength was 5800 psi (4 by 8-in. cylinders) at the time of testing (793 days). 
Because of the age of the specimens tested the magnitude of bond stresses was 
influenced by shrinkage stresses. However, the specimens with plain and 
knurled bars are comparable since all specimens underwent the same aging 
conditions. Figure A.42 shows the bond stress~sl ip curve and Fig. A.43 
shows the initial portion of this curve with the logarithm of the sl ip 
plotted. The broken 1 ines in Fig. A.42 show the scatter of the test results. 
The results indicate an improvement of bond due to the knurl ing process. 
The 0.177-in. and 0.3125-in. diameter rods were the main reinforce-
ment used in all the specimens. They served as the longitudinal reinforcement 
in the primary members for all the frames. The properties of the secondary 
reinforcement are described below (Table A.7). 
(3) The 0.25-in. Diameter Bars 
Number 2 deformed bars were used as base beam and top beam longitudi-
nal reinforcement in most of the specimens (Table A.7). This reinforcement 
was purchased from the Triangle Steel and Supply Company in Cal ifornia and 
. 0 
annealed at 1200 F for two hours by Fred A. Snow and Company of Chicago. 
The stress-strain relationship, including modulus of elasticity 
and initiation of strain hardening, was obtained using a mechanical strain 
indicator with a two-in. gage length. This steel had a nearly elasto-plastic 
stress-strain relationship to a strain of about 0.02 as shown in the 
representative stress-strain curve of Fig. A.44. 
(4) The 0.1205-in. Diameter Wire 
Plain 0.1205-in. diameter wire was used for stirrup reinforcement 
(Table A.7). A represent~tive stress-strain curve for this steel is shown 
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in Fig. A.45. The stress-strain relati~nship was obtained from tests of 
tensile coupons instrumented with an electrical extensometer having a two-in. 
gage length. The steel had a yield stress of about 45 ksi and a strength of 
about 54 ks i . 
(5) The 0.080-in. Diameter Wire 
Plain 0.080-in. diameter wire was used for stirrup reinforcement 
(Table A.7). A representative stress-strain relationship for this steel is 
given in Fig. A.46. The stress-strain curve was obtained from tests of tensile 
coupons instrumented with an electrical extensometer having a two-in. gage 
length. The stress-strain curve indicated a deviation from proportional 
response at about 21 ksi and a yield plateau at about 35 ksi. The strength 
of the steel was approximately 48 ksi. 
(6) The 0.50-in. Diameter Bar 
A No. 4 deformed bar was used in the base be'am of spec imens F3B 
and F3C. The steel had a yield stress of about 49.5 ksi and a strength of 
about 77.5 ks i . 
(7) The 0.75-in. Diameter Bar 
A No.6 deformed bar was used as longitudinal reinforcement in the 
base beam of specimens F3B and F3C. The steel did not have a well defined 
yield point. The strength was approx'imately 145 ks i. 
(b) Frame Concrete 
The properties of the concrete used in each of the frames are 
summarized in Tables A.4, A.5,and A.6. The tests used to determine these 
properties are described below. 
Several mixes of small aggregate concrete were studied to determine 
a suitable concrete for use in the specimens. The criteria governing the 
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selection of the mix were strength and workabil ity. Because of the 1 imited 
space avail~ble between the reinforcing cage and the formwork a workable mix 
was essential. The mix properties selected were 1:1:4 (cement:fine sand:coarse 
sand) based on weight. The water-cement ratio '(by weight) varied from. 0.64 
to 0.80. The water content was varied at the time of casting to insure 
sufficient workability. 
High-early-strength cement (Type III) was used for all test specimens. 
Fine lake sand was used as the fine aggregate and Wabash River sand 
was used as the coarse aggregate in all specimens. A representative sieve 
analysis for the fine aggregate, coarse aggregate, and combined aggregate is 
given in Fig. A.47. Dried aggregates were used in all of the specimens except 
F1A, F1B, F1C, F2B, and F2C. The aggregate which was not dried had a moisture 
content ranging from one to three percent by weight. 
The compressive strength of the frame concrete was determined from 
tests of 4 by 8-in. cylinders. 'The )oading speed was 75,000 lb per minute. 
Figure A.48 shows the variation of the compressive strength with time. A 
representative stress-strain curve for the frame concrete is given in Fig. A.49. 
The stress-strain relationship for the concrete was determined from tests using 
4 by 8-in. cyl inders fitted with a mechanical extensometer having a 5-in. gage 
length. Tables A.4, A.5, and A.6 list the secant modulus for the concrete in 
each of the specimens. The modulus given is the average of three cylinder 
tests and is based on a straight 1 ine drawn from the origin to a point at 
four tenths of the ultimate stress. In Fig. A.50 the secant, modulus is com-
pared with the compressive strength. The two plotted curves represent the 
expression given in the ACI Building Code (ACI 318-63) for concretes weighing 
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144 and 100 pef. These curves are provi~ed simply to give a general idea of 
the magnitude of the measured secant moduli in relation to representative 
values of the modulus for ordinary concrete. 
The splitting strength of the frame concrete was determined from 
4 by 8-in. cyl inders loaded. by a compressive force on opposite generators of 
the cy1 inder. Strips of stiff fiberboard, 0.125-in. thick by 0.5-in. wide, 
were placed between the heads of the testing machine and the cy1 inder to help 
distribute the load. The loading rate was 15,000 lb per minute. In Fig. A.51 
the relation of the average spl itting strength to average compressive strength 
for the concrete is given. Two expressions relating the sp1 itting strength 
to the square root of the compressive strength are plotted as sol id curves 
i n t h~e fig u r e • 
The modulus of rupture for the concrete was determined from 2 by 2 
by 8-in. prisms subjected to mid-span loading on a six-in. span. The loading 
rate was approximately 2000 lb per minute. In Fig. A.52 the average modulus of 
rupture is plotted vs the average concrete compressive strength and in Fig. A.53 
the average modulus of rupture is related to the average spl itting strength. 
The sol id curve in Fig. A.52 represents an expression for the modulus of 
rupture in terms of the square root of the compressive strength. The sol id 
line given in Fig. A.53 expresses the modulus of rupture as twice the 
spl itting strength. 
The measured shrinkage strain of the frame concrete is plotted in 
Fig. A.54. The curves were derived from shrinkage measurements on 3 by 3 by 
15-in. prisms using a Whittemore gage having a 10-in. gage length. Two prisms 
were cast along with specimen M2C and two were cast with specimen M2F. The -I 
j 
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prisms were cured under the same conditions as the specimens. Plugs for 
mechanical strain measurements were mounted on three faces of each prism one 
day after the prisms were cast. Zero readings were taken immediately and the 
prisms were covered with wet burlap. Four days· after the zero readings were 
taken, the wet bur 1 ap was removed and the pr isms were exposed to t he 1 aboratory 
atmosphere. The sol id curves in Fig. A.54 represent the average of the readings 
on the· six faces of the prisms. The broken 1 ines in Fig. A.54 represent the 
maximum and minimum values of the test data for each specimen. 
Also reported in Tables A.4, A.5, and A.6 are some compressive 
strength values derived from tests of two-in. cubes. The loading rate was 
approximately 40,000 lb per minute. These values are given for purposes of 
comparison. The compressive strength based on 4 by 8-in. cylinders was used 
in this report as the measure of the strength of the frame concrete. 
(c) Wall Mortar 
A summary of the mortar properties for each specimen is given in 
Tables A.5, A.6, and A.7. 
The small joint thicknesses (approximately 0.12 in. for the vertical 
joints and 0.10 in. for the horizontal joints) of the ~asonry walls required 
a fine-aggregate mortar. The method of wall fabrication required a slurry 
mix. Several batches were tried and the mix proportions (by weight) selected 
for use were 1 :5.25 (cement:fine sand). The water-cement ratio was 1.35 (by 
weight). In some specimens additional water was added at the time of casting 
to give a mix wet enough to ensure completely filled masonry-joints. The 
maximum water-cement ratio by weight was 1.50. 
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The cement used. was Type III high-early-strength. 
A. representative sieve analysis for the fine lake sand used as the 
mortar aggregate is given in Fig. A.47. 
The compressive strength of the mortar was determined from 2~in. 
cubes loaded at a rate of approximately 12,000 Ib per minute. Figure A.55 
shows the variation of mortar compressive strength with time. The compressive 
strength of the 2-in. cubes was used in all calculations as representative 
... 
of the wall mortar strength. A representative stress-strain curve for the 
wall mortar is given in Fig. A.56. This curve was obtained from tests of 
4 by 8-in. cylinders instrumented with a mechanical extensometer having a 
5-in. gage length. In Fig. A.57 the variation of the secant modulus with the 
cyl inder compressive strength is shown along with two expressions for the 
modulus in terms of the cyl inder compressive strength which are included to 
provide a fami1 iar reference plane. 
The spl itting strength of the mortar was found from tests of 
4 by 8-in. cyl inders loaded by a compressive force at a rate of approximately 
15,000 1b per minute on the opposite gen~rators of the cylinder. Strips of 
- -) 
stiff fiber board, 0.125 in. thick by 0.5 in. wide, were used between the I 
~ads of the testing machine and the cylinder to help distribute the load. The 
spl itting strength strength is plotted vs the compressive strength (2-in. 
cubes) in Fig. A.58. Two expressions are also given for the spl itting strength 
as a function of the cube strength. 
The modulus of rupture for the wall mortar was obtained from tests 
of 2 b~ 2 by 8-in. prisms loaded at the midpoint of a sfx-in. span at a rate 
l 
l 
l 
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of approximately 800 lb per minute. In' Fig. A.59 the modulus of rupture values 
are related to the strength of the mortar cubes and in Fig. A.60 the modulus 
of rupture is related to the spl itting strength. 
(d) Bricks 
The model bricks' (Fig. A.6l) used in the masonry walls were 
manufactured from common brick clay at the Structural Clay Products Reserach 
Laboratories and at the Department of Ceramic Engineering of the University 
of III inois. The mold for extruding the bricks was made available to the 
University by the Structural Clay Products Research Foundation. 
Because of differences in the raw materials and the firing process, 
the properties of the bricks varied. The color of the bricks was a good 
indicator of their properties. Lighter colored bricks, which were slightly 
larger in size, exhibited lower strength and greater cold-water absorption. 
The bricks used in the masonry were selected randomly. 
The bricks were approximately quarter-scale models of conventional 
clay bricks which have nominal dimensions of 2.67 by 8 by 4-in. The measured 
dimensions of 35 model bricks ranged over the following values: 
High Low 
(Lishter Bricks) Average (Darker Br i cks) 
Height ( in. ) 0.56 0.54 0.51 
Length (i n. ) 2.00 1 .91 1 .84 
Thickness (i n. ) 0.94 0.88 0.81 
Each brick had three core holes perp~ndicular to its largest surface which 
were located approximately at the quartei points of the length of the brick. 
The diameter of the holes was approximately 0.23 in. 
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The total water absorption of,the bricks was found by a cold-water 
immers ion test (total immers ion of dr ied br ick in cold dist i lIed water for 24 
hours). The range of total 'absorption values obtained from 15 tests was: 
High 
(L i ghter Br i cks ) 
Percent Absorption 10.6 
Average 
6.4 
Low 
(Darker Br icks) 
0.7 
The compressive strength of the bricks was determined for loads 
perpendicular to the largest surface (at right angles to the bearing surface). 
The bricks were first cut into halves and stacked together,with a thin layer 
of Hydrocal plaster between the two segments. The outside faces of the 
composite were capped with a thin layer of plaster. The compressive strengths 
(based on gross area determined from measured dimensions) from tests of 10 
spec imens were: 
Compressive 
Strength (psi) 
Low 
(L i ghter Br i cks) 
11 , 700 
Average 
15,700 
High 
(Darker Bricks) 
22,200 
The modulus of rupture of the bricks was determined for loads 
perpendicular to the largest surface. The bricks were tested over a span of 
1.5 in. with a vertical load at the mid-span. The modulus of rupture values 
(based on the gross area determined from measured dimensions) from six tests 
were: 
Modulus of 
Ruptur-e (psi) 
(e) Masonry 
Low 
(L i ghter Br i cks) 
1000 
Average 
2450 
High 
(Darker Br i cks) 
3900 
A series of coupon tests were conaucted to establ ish some of the 
mechanical properties of t'he masonry with the aim of providing a quantitative 
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basis for analyzing the results of the frame-wall tests and for projecting the 
results to evaluate the response of frame-wall composites with masonry having 
d iff ere n t c h a r act e r i s tic s . I n t he a n a 1 y sis of 1 ate r a 11 y loa de d frame -wa 1 1 
systems, the important parameters for the masonry, in addition to the 
individual characteristics 9f the brick and the mortar, are the angle of the 
compressive thrust with respect to the joints and the number of joints sus-
ceptible to failure. There are no standard tests to 'determine these para-
meters. The results of the special tests made are described in the next 
sect ion. 
(1) Strength of the Masonry Subjected to Normal and Transverse Loads 
A series of tests on units of the masonry were carried out to 
determine its streng~h under different combinations of loads normal and trans-
verse to the mortar joints. These tests were reported in detail by Yoru1maz 
(1968). The units, which varied in size (the maximum width was 4 in. and the 
maximum length was 8 in.), were loaded at various angles to the horizontal 
joints (Fig. A.62). The measured average shear stresses are plotted against 
the average stress normal to the 'masonry joint in Fig. A.63. The coordinates of 
the points were calculated from the normal and transverse components of the 
maximum load carried by the unit, using the gross area of the cross section 
(measured dimensions). 
The average strength of the mortar used in the masonry for these 
tests was 1340 psi (2-in. cubes). 
The solid line: shown in Fig'. A.63 was fitted to the data using the 
method of least squares. This 1 ine represents an approximation to the shear 
strength of the masonry units subjected to various levels of normal compressive 
stress (see discussion below). 
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In addition to the tests on masonry units, three masonry walls 
(15 by 30-in.) were tested. The wall panels were subjected to a diagonal 
compressive load giving a shear to normal stress ratio of 2:1. Figure A.64 
shows one of the panels in the testing machine. The load was appl ied to the 
panels through reinforced concrete loading heads which were cast on two opposite 
corners. 
The average strength of the mortar used in the three panels was 
1560 psi (2-in. cubes). 
The results of the tests on the panels are plotted in Fig. A.63 
for.comparison with the results obtained from the tests of the masonry units. 
The strengths of the panels were lower than would have been predicted on the 
basis. of the tests of the masonry units. A sufficient number of tests for a 
statistical study of the differences in strength which were observed could not 
be made. However, the observed difference in strength may be ascribed to the 
increased number of , possible failure planes in the panels. The failures in 
specimens subjected to a load causing a 2:1 ratio of shear to normal stress 
occurred primarily by shearing along the horizontal joints (in both the panels 
and the smaller masonry units). The masonry units had nominal dimensions of 
3 by 6 in. which, allowing for the concrete loading heads, provided only two 
horizontal joints through which cracks could propagate freely. The panel 
(15 by 30-in.) had thirteen horizontal joints through which cracks could pro-
pagat~ freely. The strengths of full-sized panels would be expected to be 
lower than the strengths for smaller pane.ls because of the larger number of 
failure planes possible and, 'therefore, the increased chance of incurring 
a flawed or weak plane. 
-Wi 
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A linear relationshi~ for the ~hear strength of the masonry in the 
frame-wall structure as a function of normal compressive force was determined 
using the results of the tests on the masonry units and full-sized panels. The 
general relationship may be expressed as: 
(A. 1 ) 
where: 
f horizontal shear stress on the masonry 
wv 
f bv shear strength of masonry with zero normal stress 
~ coefficient of friction for the masonry 
f normal compressive stress on the masonry 
wn 
The value of P, was based on the results of tests on the masonry units on the 
assumption that the coefficient of friction would not be affected by the number 
of joints. The value of f bv was calculated to be 70 psi from Eq. A.l with 
~ = 0.46, f = 45 ps i . and f = 90 ps i . The va 1 ues of f and f were deter-wn wv wn wv 
mined as the average of the results from the panel tests. For the masonry 
used in this study Eq. A.l becomes: 
where: 
o < f < 800 psi 
- wn 
f = 70 +0.46 f 
wv wn 
Equation A.2 is represented by the broken 1 ine in Fig. A.63. 
(A.2) 
The average compressive strength of the masonry (loads perpendicular 
to the horizontal joints) was 4600 psi as determined from tests of masonry 
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units reported by Yoru1maz (1968). This value was the average of five tests 
on units with nominal dirrensions of 4 by S.S in. 
The strength of the masonry subjected to loads perpendicular to 
the horizontal joints was also indicated by a test on a lS by lS-in. (nominal) 
masonry panel (Fig. A.6S). The strength was 38S0 psi. The strength of the 
mortar in this specimen was approximately 1900 psi (2-in. cubes), 
For loads parallel to the horizontal joints, one lS by lS-in. 
(nominal) specimen was tested and its strength was S120 psi. The strength 
of the mortar in this specimen was approximately 2040 psi (2-in. cubes). 
(2) Modulus of Elasticity 
The modulus of elasticity of the masonry was determined from load and 
deformation measurements on the two lS by lS-in. masonry panels. One of the 
specimens was tested with loads perpendicular to the horizontal joints and 
the other was loaded parallel to the horizontal joints. 
The test setup is shown in Fig. A.6S. The deformation measurements 
were made using a Whittemore gage having a 10-in. gage length and a O.OOOl-in. 
dial. Deformations parallel to the loading direction were measured on three 
gage 1 ines: along the center of the panel and five in. either side of center. 
Both faces of the panels' were instrumented. 
The mortar used Ii n these spec imen-s had a secant modu 1 us of 
approximately 1.1 x 106 psi. 
For the specimen loaded perpendicular to the horizontal joints, a 
modulus of 2.3 x 106 psi was obtained. The deformation measurements indicated 
that the load was uniformly distributed across the width of the specimen. 
Transverse bending of the specimen was also observ~d. 
---. 
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The specimen loaded parallel to the horizontal joints had a modulus 
of 2.4x 1 06 psi. Again, the measured deformations indicated a uniform load 
distribution across the width of the specimen and a bending moment in the 
transverse direction. 
(3) Modulus of Elasticity for Shearing Stresses 
The three 15 by 30-in~ masonry walls tested (see discussion above 
and Fig. A.64) were instrumented to determine the deformation caused by the 
appl ied loads. The average strains in the masonry were calculated from the 
deformation measurements and were used to obtain an estimate of the shearing 
'modulus for the masonry. 
The deformation measurements were made with a Whittemore gage having 
a 10-in. gage length and a O.OOOl-in. dial. Four gage 1 ines were arranged in 
a rosette pattern on one face of the panels (Fig. A.76). 
The results of the deformation measurements on the three panels are 
presented in Fig. A.66 in terms of the total load vs the average strain for 
each gage 1 ine. The broken 1 ines shown in the figures indicate the 1 inear 
relationship of the average strain over gage lines No.2 and No.4 which were 
assumed for calculations. 
Based on two-dimensional strain transformation equations, the 
shearing strain was calculated from the average strains as: 
E2 - E4 
2s i nO: cosO: (A.3 ) 
where: 
= shearing strain (orthogonal coordinate system parallel to 
the edges ~f the panel) 
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E2 = average stra in over gage '1 i ne No. 2 
E4 = average strain over gage 1 ine No.4 
a angle which gage lines No.2 and No.4 make with the horizontal 
masonry joints 
The shearing modulus was then calculated by assuming a uniform shear distri-
but ion over the cross-sectional area of the panel and using the expression: 
where: 
G 
w 
G = nominal shearing modulus for masonry 
w 
v = total shear force on the panel 
(A.4 ) 
k = coefficient dependent on the shape of the cross section 
( ass ume d a s 1. 0 ) 
A cross-sectional area of the wall 
w 
= shearing strain 
6 6 6 Equation A.4 resulted in the values of 0.70 x 10 , 0.40 x 10 , and 0.75 x 10 
psi for the nominal shea~ing modulus of each panel. In view of the sensitivity 
of the modulus to the measured strains, the .observed scatter is not unreason-
able. Furthermore, the values obtained are of the same order as those imp1 ied 
by the shearing deformations of the frame-wall specimens. 
(f) Reinforced Concrete Panels 
In eight of the five-story specimens (Table 2.1) precast reinforced 
concrete panels were used as filler walls for the upper three stories. The 
fabr i cat i on of these pane lsi s descr i bed inSect i on A.6. 
l 
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The concrete used in the preca~t panels was made of the same mix 
proportions used for the frame concrete which was described previously. 
The panel reinforcement consisted of small-scale welded wire 
fabric which had been specially manufactured fo~ use in a previous exp~ri-
mental study. A description of the physical properties of the wire is 
given by Jirsa (1962). The welded wire fabric had the following nominal 
dimensions: 
Main Transverse 
Wire Spacing (i n. ) 3 
Wire Size (Gage No. ) 13 16 
Diameter (i n . ) 0.092 0.063 
Area (Sq. in. ) 0.0066 0.0031 
As reported by Jirsa, the No. 13 and No. 16 wire had an initial modulus 
of elasticity of about 30 x 106 psi and strengths ranging from 70 to 
80 ksi. The wire did not exhibit a well defined yield point and the values 
of stress at a"0.2 percent offset of strain ranged from about 62 to 76 ksi. 
A.6 Fabrication of the Specimens 
(a) General Remarks 
The specimens were fabricated in two stages. The first stage 
consisted of constructing the reinforced concrete frame. The second stage 
consisted of building the filler walls in the frame. 
238 
(b) Frames 
The frame reinforcement (Sections A.2, A.3, and A.4) was fabricated 
into cages which were then tied into position in a form used for casting the 
specimens (Fig. A.21). 
Openings for loading pins were provided in all the beams of the 
five-story specimens (Fig. A.8) and in the first-story beams (811 and 812) of 
the two-story specimens (Fig. A.22). Greased one-in. diameter pipes, three in. 
in length, were temporarily bolted into position in the formwork. 
Holes for accommodating prestressing strand in the specimens 
subjected to vertical load (Sections A.3 and A.4) were provided by temporarily 
securing greased rods (0.375-in. diameter) along the center of the columns 
(Fig. A.16 and A.17). 
Also included in the formwork for some of the specimens (Section 
A.7) were small metal plates (1.0 by 1.0 by O.lO-in.) with studs (one-in. 
length and D.l-in. diameter) welded to them to provide anchorage into the 
columns. These plates were lightly glued to the sides of the formwork so 
that' they rema i ned on the outs i de face of the co 1 umns when the formwork 
was stripped. The plates were used to accommodate plugs for shrinkage 
measurements. They were' located on lD-in. centers about the mid-height of 
the columns of the one-story specimens and the first and second-story. columns 
of the f i ve'-story spec imens . 
After the above preparations were complete the specimen was cast. 
The concrete was vibrated both internally and externally. Approximately two 
hours after casting, the temporary pipes in .the beams and the rods in the 
columns were pulled out of the concrete. The frame was left exposed to the l 
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laboratory atmosphere for approximately '24 hours. The formwork was then 
stripped and the specimen was covered with wet burlap and polyethylene sheets. 
Five days after the specimen was cast the wet burlap was removed and the 
specimen was exposed to the laboratory atmosphere. Approximately seve~ days 
after casting, the one-story and five-story specimens were moved to a level 
wood table in preparation for placement of the filler walls. The two-story 
specimens were not moved prior to placement of the filler walls. Control 
specimens for the concrete were cured under the same conditions as the frames. 
(c) Filler Walls 
Masonry filler walls were used in all the infil1ed specimens except 
for the upper three panels in eight of the five-story specimens where precast 
reinforced concrete walls were used (Table 2.1). 
(1) Masonry Walls 
The masonry walls were cast with the frame laying in a horizontal 
position. First, steel spacer plates (14.5 by 29.5 by 0.06-in.) were placed 
in each panel of the s~ecimen. Then rigid polystyrene foam, one-in. thick, 
was fitted snugly into the panels. The purpose of the spacer plate and the 
polystyrene foam was to ensure that the brick filler panel was symmetric 
about the, center plane of the frame. To aid in spacing the bricks, grid 
paper showing the desired brick locations was glued to the foam. The model 
bricks were then glued to the grid paper using alight coating of rubber 
cement. Figure A.67 shows the brick pattern and joint spacing of the filler 
walls. The dimensions shown varied somewhat depending on the size of the 
bricks (Section A.5). Figure A.68 shows a transverse section through a panel 
illustrating the method of brick placement. With the bricks in place, the 
mortar (Section A.5) was poured over the panels and vibrated into the joint 
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spaces. The bricks and the faces of the frame adjacent to the panels were 
kept wet prior to casting. The panels were then covered with wet burlap and 
polyethylene sheets for approximately 24 hours. After 24 hours the burlap was 
removed and the metal spacer plates and polystyrene 'foam backing were ~tripped 
from the panels. The faces of the panels were brushed 1 ightly with a wire 
brush and cleaned with a damp cloth. The specimens were then left exposed to 
the laboratory atmosphere until testing. The control specimens for the mortar 
were cured under the same conditions as the brick panels. ,In the two-story 
specimens the mortar was cast in two batches. The three second-story panels 
were cast first and then the three first-story panels were cast. The proper-
ties of the 'mortar reported are the average properties of the two batches. 
(2) Precast Reinforced Concrete Walls 
The reinforced concrete panels were fabricated in a metal form 
giving a panel size of 14.75 by 29.75 by 0.88 in. Prior to casting, a mat of 
welded wire fabric (Section A.S) was tied at the center plane of the panel. 
The main reinforcement of the mat was placed parallel to the longer sides of, 
the form (Fig- A.69). The concrete (Section A.5) was cast and the form was 
vibrated on a vibrating table. The panel was left exposed to the laboratory 
atmosphere for 24 hours and then covered with wet burlap and polyethylene 
sheets for 24 hours. After removal of the wet burlap, the panel was removed 
from the form and left exposed to the laboratory atmosphere. Twenty-four 
panels. were fabricated for use as filler walls. 
An additional panel was fabricated in the same manner as described 
above.' This panel was instrumented for shrinkage measurements so that some 
information could be obtained as to how long to dry the panels before casting 
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them in the frames. The measurments were made using a Whittemore gage with a 
10-in. gage .length. Four gage 1 ines were arranged in a 10-in. square pattern 
located symmetrically about the center of the panel. The results of these 
measurements are shown in Fig. A.70 where the average of the measurements for 
the four gage 1 ines is showh. The broken lines in the figure represent the 
maximum scatter of the data. After 10 days approximately 85 percent of the 
total shrinkage had been attained. 
The precast panels were dried for a minimum of 12 days before being 
cast into the frames. Prior to casting, the faces of the panels were sealed 
with shellac. The precast walls were centered in the upper three frame 
panels using the same method of spacing as was described for the l!1asonry 
walls. When the mortar was cast for the bottom two masonry walls, as described 
previously, the joints between the precast walls and the frame were also cast 
using the same mortar. The mortar in these joints was cured in the same manner 
as the mortar for the masonry. 
The average compressive strength of the concrete in the precast 
panels was 4000 psi (4 by 8-in. cylinders). 
Figure A.7l shows specimen F3C, which had masonry and precast concrete 
wall panels, prior to casting the mortar. 
A.7 Instrumentation 
(a) Deflections 
(i) Tests of the One-Story One-Bay Specimens 
The deflections of all specimens were measured with mechanical dial 
gages having a sensitivity of 0.001 in. The dials were attached to a steel 
framework which was clamped to the loading frame (Fig. A.72). Lateral 
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deflections were measured ,at the base beam, at the mid-height of the tension 
column (Cll)*, and at the mid-height of the top beam. Except for specimens 
S2B" S2C, and S2D, two additional dial gages with a sensitivity of 0.0001 in. 
were used at the mid-height of the tension, column and the mid-height o~ the 
top beam. Transverse or out-of-plane deflections were measured on the columns 
at mid-height. Vertical deflections were measured on the top of the base 
beam near the tension column and on the top surface of the top beam above the 
tension (Cll) and compression (C12) columns. 
(2) Tests of the Five-Story One-Bay Specimens 
The deflections of all specimens were measured with mechanical dial 
gages having a sensitivity of 0.001 in. The dial gages were supported by a 
slott~d-angle framework which was clamped to the base beam of the loading 
frame'. The framework was also braced in the lateral and tr'ansverse direction 
with struts which were bolted to the test floor. Vertical movement between 
the base of the loading frame and the floor was negligible.' 
Figure A.73 shows the location of the dial gages. Lateral deflec-, 
tions were measured at the base beam and at the mid-height of the beams 
above the base beam. Transverse deflections were measured at the base of 
the first-story columns (Cl1, C12), at the mid-height of the third-story 
~olumns (C3l, C32) and at the top beam. Vertical deflections were measured 
on the base beam near the first-story tension column (Cll) and on the top 
surface of the top beam above the tension (C51) and compression (C52) columns. 
~I. 
AMember designations are given in Appendix C. 
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(3) Tests of the Two-Story Three-Bay Specimens 
The mechanical dial gages, used for measuring the deflections of 
the two-story specimens, were attached to a steel framework which rested on 
the test floor. Movement of the base beam of the loading frame relative to 
the test floor was negl igible. 
Figure A.74 shows the location of the dial gages. Gages with 
sensitivities of 0.001 and 0.0001 in. were used. Lateral deflections were 
measured on the exterior columns (Cll, C21, C14, c24) and one interior 
column (C12). Measurements were made at mid-height of the columns and at 
the column-beam intersections. Additional measurements were made on the inside 
face of the exterior first-story tension column (ell), at mid-height and at the 
column and first-story beam intersection. The lateral movement of the base 
beam was also measured. Transverse movements were measured at the top beam 
and at the mid-height of ihe base beam. Vertical movements of the top beam 
were measured at four locations above the columns. Vertical deflections at 
~e mid-height of base beam were measured at three interior points as shown in 
Fig. A.74. Vertical deflections were also measured on the top of the base 
beam 5 in. from the exterior face of column Cll, and at the intersection of the 
base beam with column Cll (one in. below the top of the base beam). 
(b) Electric Strain Gages on Reinforcement 
In all of the frames, except specimen F1A, the longitudinal beam and 
column reinforcement was instrumented with electric strain gages. The gages 
used were Budd Metalfilm strain gages (Type C6-121-B) which had a nominal 
gage length of 0.125 in. 
2~ 
The reinforcement was prepared for mounting the gage by sanding a 
spot on the bar with fine emery cloth. The bar was cleaned with Budd Metal 
Conditioner No.1, then with Budd GC-4 Neutral izer, and finally with acetone. 
The gage was mounted using Eastman 910 cement. The' leads were soldered and 
taped. The gage was waterproofed by coating it first with wax and then with 
an air-curing sil icone rubber caulking compound (Dow Corning Sil icone Rubber). 
Gages were mounted on the reinforcement after the reinforcing cages 
were fabricated. At each cross section of the beam or column where the steel 
~trains were measured, gages were mounted on two outside corner bars which 
were located diagonally opposite each other. Figure A.75 shows the position of 
the strain gages located at the beam-column joints. The gage locations for 
each ?pecimen are given with the load-strain curves presented in Appendix B. 
A Pivan Data System was used to record the strain measurements for 
the tests of the two-story specimens. The system incorporated a Vidar.·521 
Integrating Digital Voltmeter and a Vidar 610 Low Level Sc~nner with a 
Teletype printer. 
(c) Mechanical Strain Measurements on Masonry Walls 
"j 
! 
Two types of direct-reading mechanical strain indicators were used 
for measuring deformations of the masonry walls as described below. 
(1) Strain Measurements Using the Whittemore Gage 
The Whittemore gage had a fixed 10-in. gage length and was equipped 
with a O.OOOl-in. dial. 
The walls in· two of the one-story specimens (S2H and 521) and four ._, ! 
\ 
of the two-story specimens (M2B, M2C, M2D, and M2E) were instrumented with 
l 
l 
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plugs for mechanical stra'in measurements. In the two-story three-bay speci-
mens, the bottom three wall panels were instrumented. 
The metal plugs were arranged to form gage 1 ines in a rosette 
pattern symmetric about the' center of the wall panel as shown in Fig. A.?6. 
Deformations were measured on both faces of the panel. The angle a varied 
betweeM 26 and 33 degrees be~ause it was necessary to adjust the plugs to 
conform to the brick pattern. 
The plugs were mounted on the bricks using Eastman 910 cement. 
(2) Strain Measurements Using a Mechanical Gage with a Variable 
Gage Length 
In the case of masonry walls with openings, it was necessary to 
measure deformations over gage lengths shorter than 10 in. Therefore, a special 
direct-reading gage was used instead of the Whittemore. This special gage 
was used with a gage length of 100 mm and was equipped with a O.OOl-mm dial. 
It was used to obtain strain measurements in the walls of specimens M2F and 
M2G, which were two-story specimens with openings. Both faces of the walls 
at the first-story level were instrumented. Figure A.?? shows the gage 1 ines. 
The angle a varied between 44 and 46 degrees depending on the location of the 
bricks. 
The metal plugs for the strain measurements were mounted on the 
bricks with Eastman 910 cement. 
(d) Measurement of Strains Due to Shrinkage 
Deformations were measured in the frames of several of the one- and 
five-story specimens prior to loading to obtain some indication of the 
shrinkage strains which developed. 
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The strains were. measured with a Whittemore gage having a lO-in. 
gage length •. Gage 1 ines were located on both columns (ell, e12) of the one-
story specimens, and on the first- and second-story columns (ell, e12, e2l, 
e22) of the five-story specimens. Two adjacent face's of each column were 
instrumented. The gage 1 ines were symmetrically located about the mid-height 
of the column (clear height). 
Small metal plates (Section A.6) were cast in the specimen to 
accommodate plugs for the shrinkage measurements. One day.after casting the 
specimen, immediately after the formwork was removed, plugs for the shrinkage 
measurements were mounted on the plates with Eastman 910 cement. A set of 
zero readings was then taken and the specimen was cured in the normal manner 
(Sect lon A.6). 
Additional shrinkage measurements were taken on two prisms which 
were cast along with the specimen and cured in the same manner. The prisms 
were 3 by 3 by 15 in. and were reinforced in the same way a's the columns of 
the specimen. Gage lines for the shrinkage measurements were located on 
three faces of each prism. The prisms served as a control on the measurements. 
A.8 Supporting and Loading Sy~tems 
In this section, the supporting frame and the system for applying 
lateral load which were used in the tests are described. The system us~d for 
the application of vertical load is described at the end of this section. 
(a) Tests of the One-Story One-Bay Spec imens 
The supporting frame used for the tests of the one-story specimens is 
shown in Fig. A.78. This frame was also used for the tests of the five-story 
specimens. Although the frame was designed as a self-contained system, it was 
bolted to the test floor to ensure stabil ity. 
.. ~ 
\ 
l 
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The base of the test specimen 'was bolted to the top flange of the 
12-in. wide-flange beam of the supporting frame through steel yoke plates. 
The test specimen was also butted against a steel base plate to prevent 
horizontal movement. A Hydrocal plaster seat was used between the test 
specimen and the supporting frame. 
Figure A.79 shows the system used for applying the lateral load to 
t he specimen. The specimens were loaded at the midpoint of the beam through 
a 1.5-in. diameter pin which was attached to two pull rods (0.375-in. diameter). 
These pull rods were attached to a single main pull rod (0.75-in. diameter) 
through a yoke plate. The main pull rod was loaded through a 30-ton center-
hole hydraul ic ram. Hydraul ic pressure was appl ied to the ram with a hand 
pump. The pull rods were made of high strength steel. 
Loads in the two secondary pull rods were measured with cyl indrical 
aluminum dynamometers (Fig. A.79). The dynamometers had a sensitivity of 
approximately eight pounds per dial division (10 microinches per inch) of 
the strain indicator. 'A ring dynamometer was used to measure the total load 
on the system (Fig. A.79). This dynamometer had a sensitivity of approximately 
25 pounds per dial division of the strain indicator. 
An equal distribution of the load to the secondary pull rods was 
maintained by adjusting the length of the rods when necessary. 
(b) Tests of the Five-Story One-Bay Specimens 
The supporting frame used for the tests of the one-story specimens 
was also used for the tests of the five-story specimens (Fig.A.7B.) 
The specimen was attached to the supporting frame in the same manner as 
described for the one-story specimens. 
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Figure A.80 sho~s the loading 'system used for the tests of the five-
story specimens. The specimens were loaded at the third-points of the beams 
through one-in. diameter loading pins which were attached to pull rods (O.25-in. 
diameter). These pull rods were loaded by a single," main pull rod (O.3.75-in. 
diameter) through a yoke plate. A 30-ton center-hole hydraul ic ram was used 
to load the main pull rod. This loading system was used at each of the five 
beam levels. Hydraul ic pressure was appl ied to the five rams simultaneously. 
When necessary, the lengths of the pull rods were adjusted ,to maintain a 
balanced load distribution. 
---I 
! 
The loads were measured with cylindrical aluminum dynamometers. 
Dynamometers were located on each of the main pull rods and on each of the 
seconqary (0.25-in. diameter) pull rods (Fig. A.80). The dynamometers on 
-"1 
the main pull rods had a sensitivity of eight or nine pounds per dial di- I I 
vision (10 microinches per inch) of the strain indicator. The dynamometers 
on the secondary pull rods had a sensitivity of approximately ten pounds 
per dial division of the strain indicator. 
(c) Tests of the Two-Story Three-Bay Specimens 
-"-l 
The supporting frame used for the tests of the two-story three-bay j 
J 
specimens is shown in Fig. A.8l. The frame was designed as a self-contained 
system. It was bolted to the test floor. 
The base of the test specimen was bolted to the top flange of the '-, 
I 
12-in. wide-flange beam of the supporting system through steel yoke plates. I 
The test specimen was butted against a steel base plate to prevent horizontal -1 I 
I 
movement. A Hydrocal plaster seat was used between the test specimen and 
the supporting frame. 
l 
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The loading system used in the tests of the two-story specimens is 
shown in Fig. A.82. 
The load was transmitted to the midpoint of the top beam through a 
1.5-in. diameter loading pin which was attached to two pull rods (0.375-in. 
diameter). These pull rods were attached to a one-in. diameter main pull rod 
through a yoke plate. A 30-ton center-hole hydraul ic ram was used to load 
the main pull rod. 
As shown in Fig. A.82, loads were appl ied at the midpoints of two of 
the first-story beams through one-in. diameter loading pins attached to 0.25-in. 
diameter pull rods. These pull rods were loaded by a one-in. diameter main 
pull rod through a yoke plate. The main pull rod was connected to a 30-ton 
center-hole hydraul ic ram. 
Separate hand pumps were used to apply pressure to each ram. The 
two rams were pressurized simultaneously. When necessary, the lengths of 
the secondary pull rods were adjusted to balance the distribution of load 
between the rods. The distribution of load to each story was maintained by 
adjusting the pressure in the rams. 
Cyl indrical aluminum dynamometers were used to measure the load. 
The dynamometers on the main pull rods had a sensitivity of approximately 
84 pounds per dial division (10 microinches per inch) of the strain indicator. 
The dynamometers on the two 0.375-in. diameter pull rods (top beam) had a 
sensitivity of approximately 48 pounds per dial division of the strain 
indicator. The dynamometers on the four 0.25-in. diameter pull rods had a 
sensitivity of about eight pounds per dial division of the strain indicator. 
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(d) The Appl ication of Vertical Load 
Vertical load was appl ied to the specimens by prestressing the columns. 
Seven-wire, 0.25-in. diameter prestressing strand inserted through the columns 
of the specimen (unbonded) was used to prestress the columns prior to the 
appl icat ion of lateral load. 
After the test specimen had been secured to the supporting frame, 
lengths of prestressing strand were inserted through holes ~.375-in. diameter) 
which had been provided through the center 1 ineof the colu~ns (Sections A.3, 
A.4, and A.6). Openings were cut in the top flange and part of the web of the 
l2-in. wide-flange supporting beam so that the strand could project through 
the top flange of the beam. Load was appl ied to the prestressing strand by 1 
a scr~w-type jacking system. 
Figure A.83 shows the details of the jacking system (see also Fig. 
2.3). At its top end the strand was held by a strand grip. Below the strand 
grip was acyl indrical aluminum dynamometer and below the dynamometer was a 
jackscrew. Two brass washers, separated by a teflon washer, were placed ---1 
I 
between the dynamometer and the jackscrew. A steel plate (3 by 4 by 0.5-in.) I 
was used as a bearing plate between the jackscrew and the test specimen. 
The bottom of the strand projected through the top flange of the 
steel supporting beam into an area which had been cut out of the web. The 
bottom end of the strand was held by a strand grip. Above the strand grip 
was a .Jackscrew. Two brass washers, separated by a teflon washer, were placed 
between the strand grip and the jackscrew. A steel plate (3 by 4 by 0.5-in.) -, ! 
i 
was placed between the jackscrew and the top flange of the supporting beam. 
l 
l 
l 
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Spacer plates (1.0 by 3.0 by 0.25-in.) were used between the steel plate and 
the top flange because of the rough surface left when the section of web 
was cut away. 
The prestressing strand was loaded by' unscrewing the bolts of the 
jackscrew, which were initially in a closed position. The brass and teflon 
washers made it easier to turn the jackscrew bolt, particularly at high loads. 
The same system was used for each column. 
The jackscrew was fabricated in two pieces. The sleeve was machined 
from a sol id one-in. brass hexagonal rod (two-in. length). The rod was 
drilled and tapped through its center to accommodate a 0.75-in. bolt. The 
0.75-in. diameter bolt (two-in. length), used with the sleeve, had a 0.375-in.' 
diameter hole drilled through its center so that the prestressing strand could 
be sl ipped through it. 
The cylindrical aluminum dynamometers used with the system had a 
sensitivity of approximately 14 pounds per dial division (10 microinches per 
inch) of the strain indicator. 
When necessary, the jackscrews were adjusted to maintain a constant 
vertical force on the structure. 
This prestressing system was used for the tests of the five-story 
and two-story specimens which were subjected to vertical loads. 
A.9 Test Procedure 
The lateral load was appl ied in increments of approximately 15 
percent of the predicted failure load up to yielding of the specimen. After 
yielding, deflections were used to govern the loading increments. If no 
significant drop in load was encountered, the test was terminated when the 
distort ron of the specimen became excessive. 
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When necessary, the lengths of the pull rods were adjusted to 
balance the loads on the system. In this manner, the intended loading 
distribution was maintained. 
At each load level, readings were taken on all dial gages, and 
strain gages (electrical and mechanical) as well as on the load cells (dyna-
mometers). The specimen was also inspected visually for cracks with the aid 
of magnifying glasses. Although the results were not systematically recorded, 
crack widths were measured to determine the locations of the critical cracks. 
For the specimens which were subjected to vertical as well as 
lateral load, the vertical load was appl ied immediately before the start of 
the lateral load application. In applying the vertical load, half of the total 
load for each column was applied first and then the remaining half was appl ied. 
The magnitude of the vertical load was checked at each level and, if necessary, 
adjustments were made to maintain the load constant. 
Tests of the one-story specimens. took from three to four hours. 
Test's of the five-story specimens took from five to eight hours. The two-
story specimens required from six to nine hours to test. 
---- ... 
I 
I 
I 
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TABLE A.l MEASURED DIMENSIONS OF THE ONE-STORY SPECIMENS 
SECTION (S l 2 ~ 4 2 ~ 4 h 
HARK b b b b X Y 
X, W, X2 :3. d d d d h h h h v;- 0;- Y2 O2 (iT (iT (iT CIT 
52B 3.01 3.00 3.01 3.01 29.94 15.03 2.55 2.61 2.50 2.52 3.00 3.01 3.01 2.99 0.48 0.48 0.40 0.45 
b 
52C 3.00 3.02 3.00 3.00 30.00 15.00 7.38 15.50 2.50 2.50 2.54 2.66 3.00 3.00 3.00 3.01 3.69 7.63 0.46 0.46 0.36 0.58 
520 3.00 3.02 3.01 3.01 29.94 14.97 14.44 1.00 2.34 2.37 2.56 2.66 3.00 3.00 3.00 2.99 1.06 12.75 0.34 0.38 0.42 0.45 
S2E 3.01 3,,00 3.0·1 3.00 29.97 15.03 15.50 2.48 2.57 2.46 2.59 Loading Direction 3.00 3.00 3.00 3.00 7.53 7.50 0.40 0.45 0.36 0.47 
S2F 3.02 3.02 3.02 3.00 30.00 15.00 5.00 7.50 5.00 7.50 2.45 2.46 2.54 2.66 3.00 2.99 3.00 3.00 3.75 7.50 3.75 7.50 0.45 0.52 0.44 0.54 tJ~ 52G 3.00 3.00 3.01 3.01 29.94 15.00 14.44 1.00 2.68 2.62 2.61 2.64 3.01 3.00 ).02 3.01 ' H13 12.63 0.42 0.46 0.50 0.46 52H 3.01 3.02 2.99 3.00 30.00 14.94 2.65 2.59 2.55 2.60 2.98 2.98 3.02 2.99 0.48 0.42 0.48 0.45 
521 3.00 3.00 3.01 3.00 29.97 15.00 2.60 2.62 2.51 2.54 3.00 2.99 3.00 3.00 0.50 0.42 0.45 0.62 
14 X ~I 
All dImensIons are given In Inches 
TABLE A.2 MEASURED DIMENSIONS OF THE FIVE-STORY SPECIMENS 
SECTION (5) 2 3 4 2 3 4 
b b b b X 'f 
Xl W d d d d 
HARK 11 ii ii ii v;- 0 err (iT (iT err 
FIA 3.00 3.02 3.01 3.02 29.99 15.00 2.64 2.54 2.65 2.70 h 2.93 2.98 2.95 2.98 0.35 0.35 0.55 0.50 
FIB 3.00 2.99 3.01 3.01 2.68 2.65 2.80 2.62 2.94 3.01 2.95 2.92 0.50 0.42 0.62 0.55 
FIC 3.00 3.00 3.01 3.02 30.15 15.06 2.60 2.40 2.50 2.35 2.95 2.95 2.93 2.87 0.62 0.38 0.58 0.38 
F2B 3.00 2.99 3.00 3.03 30.00 14.94 2.55 2.68 2.50 2.68 3.03 2.96 2.97 2.98 0.41 0.48 0.33 0.52 
F2C 3.00 3.00 3.01 3.01 30.03 15.03 2.64 2.50 2.62 2.75 d' o· N 3.02 3.00 3.01 3.00 0.52 0.40 0.50 0.55 \.11 +-
F3B 3.02 2.98 3.03 3.02 30.03 15.00 2.20 2.49 2.22 2.50 2.98 3.03 2.97 2.98 0.55 0.62 0.62 0.65 
F3C 3.00 3.00 3.04 3.02 30.06 15.06 2.36 2.58 2.36 2.40 Loading DIrectIon 2.97 3.00 2.96 2.98 0.62 0.62 0.75 0.60 -
P2B 3.02 3.00 3.05 3.02 30.06 15.00 2.40 2.55 2.45 2.64 2.98 3.03 2.97 3.02 0.50 0.62 0.45 0.62 
;1- ~Oy P2C 3.01 3.01 3.03 3.03 30.06 15.00 2.44 2.35 2.36 2.40 3.00 3.00 3.00 2.99 0.42 0.46 0.44 0.48 3.00 3.00 3.00 3.00 2.65 2.55 2.45 2.48 P2D 30.06 14.98 51 _ 3.02 3.00 3.00 3.00 0.55 0.50 0.34 0.40 
P2E 3.01 3.01 3.01 3.00 30.06 15.06 2.50 2.64 2.48 2.70 3.01 2.99 3.01 2.99 0.29 0.48 0.32 0.52 I .. ~I H2B 3.03 3.02 3.04 3.07 30.03 15.06 7.13 15.69 2.46 2.15 2.64 2.66 X 3.00 2.99 3.00 2.99 3.81 7.56 0.35 0.30 0.42 0.50 
H2C 3.01 3.00 3.00 3.01 30.00 15.03 7.13 15.75 2.42 2.40 2.66 2.66 3.00 3.00 3.01 3.01 3.75 7.63 0.32 0.30 0.60 0.50 
All dlmens·lons are given in Inches 
--1 ~ ' __ J ___ J ___ -.1 _____ J ___ J I -~ ~ --~! ___ J 
TABLE A.3 MEASURED DIMENSIONS OF THE TWO-STORY SPECIMENS 
SECTION (S) 2 -3- ~-~ -6 1 B 1 3 4 5 6 1 B 
HARK 
H2B 
H2C 
H20 
H2E 
H2F 
H2G 
b 
h 
3.00 
b 
h 
-
b 
h 
b 
h 
b 
h 
3.00 2.98 
b 
h 
-
b 
h 
b 
h 
2.98 
3.02 2.96 3.01 2.99 3.01 2.95 2.99 2.98 
3.00 
-
3.00 3.02 
-
3.00 
3.03 2.96 3.03 2.97 3.03 2.95 3.03 2.99 
3.00 
-
3.00 3.00 
-
3.00 
3.06 2.93 2.99 2.98 3.03 2.94 2.97 3.03 
3.00 
-
3.03 3.01 
-
3.01 
2.98 2.96 3.01 2.98 3.00 2.95 2.94 3.04 
x12 wI J/ 22 w2 x32 w3 X Y--X Y--X Y--11 11 Y12 01 21 21 Y22 02 31 31 Y32 03 
29.99 15.05 30.00 15.04 29.99 15.00 
29.98 15.00 29.98 15.09 29.94 15.05 
29.99 14.97 30.05 14.99 29.99 14.98 
29.99 15.02 29.99 15.01 29.98 14.99 
d 
d
' 
d 
d ' 
d 
d
' 
d 
if' 
d 
d
' 
d 
if' 
d 
d
' 
d 
d
' 
2.50 2.60 2.69 2.68 2.48 2.62 2.65 2.69 
0.32 0.42 0.52 0.42 0.30 0.40 0.43 0.52 
2.40 2.60 2.62 2.70 2.36 2.58 2.55 2.75 
0.30 0.40 0.48 0.60 0.35 0.52 0.48 0.62 
2.51 2.50 2.70 2.75 2.55 2.65 2.73 2.70 
0.45 0.32 0.45 0.65 0.47 0.38 0.48 0.56 
2.48 2.62 2.68 2.75 2.58 2.64 2.60 2.72 
0.32 0.42 0.48 0.62 0.32 0.42 0.43 0.60 
3.00 - 3.02 3.02 - 3.01 30 00 15 047•20 15.55 30 01 15 067•24 15.47 30 03 14 987•18 15.55 2.55 2.72 2.68 2.70 2.52 2.67 2.53 2.70 
3.002.95 3.03 3.00 2.96 2.97 2.99 2.98 . • 3.91 7.31 • • 3.89 7.28 • • 3.71 7.32 0.38 0.52 0.50 0.60 0.38 0.500.45 0.65 
3.02 - 3.02 3.03 - 3.02 29 98 15 047•25 15.41 29 99 15 067•23 15.45 29 98 14 99 7.29 15.44 2.65 2.55 2.62 2.68 2.65 2.63 2.68 2.70 
3.06 2.97 2.99 2.97 3.03 2.95 2.99 2.98 • • 3.83 7.31 • • 3.81 7.33' • 3.88 7.31 0.35 0.40 0.46 0.50 0.35 0.46 0.48 0.52 
All dimensions are gIven In Inches 
LOading Olrec~on 
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. * TABLE A.4 MATERIAL PROPERTIES OF THE ONE-STORY SPECIMENS 
AARK 
VERTICAL LOAD, kips/column 
OPENINGS (see Fig. A.3) , 
FRAME REINFORCEMENT 
Re inforcement Rat io [(A .fA I )/bh] 
s s 
Yield Stress, ksi 
Strength, ks i 
FRAME CONCRETE 
. e 
Water/Cement Ratio 
Cylinder Strengtha , psi 
d Cube Strength, psi 
Splitting Strengtha , psi 
. . b 
Hodul us of Rupture ,psi 
'Secant Modulusc , psi~106 
Age, days 
WALL MORTAR 
Water/Cement Ratioe 
d Cube Strength, psi 
Cylinder Strengtha ,' psi 
Splitting Strengtha , psi 
Modulus of Ruptureb , psi 
Secant Modulusc , psixl06 
Age, days 
. aBased on 4 by ~-in. cylinders 
S2B 
o 
No 
0.022 
42.4 
52.7 
0.76 
4700 
5170 
380 
740 
3.00 
22 
1.35 
1465 
1280 
140 
330 
!,J 0 
10 
bBased on 2 by 2 by 8-in. prisms loaded at center 
of a six-in. span 
cBased on secant drawn to 0.4~ompressive strength)of 
4 by 8-in. cylinder 
~ __ J j _._i _____ J ' 
S2C 
o 
Yes 
0.022 
42.4 
52.7 
0.72 
5490 
6030 
480 
810 
3.10 
23 
1.35 
1830 
1610 
390 
1.20 
18 
___ ___ J 
520 
o 
Yes 
0.022 
42.4 
52.7 
0.70 
,5090 
5990 
430 
810 
3.15 
22 
1.40 
1210 
850 
80 
330 
1.00 
8 
_____ ..i 
S2E 
o 
Yes 
0.022 
42.4 
52.7 
0.70 
6000 
5670 
610 
940 
3.20 
44 
1.40 
1430 
1490 
230 
470 
1.10 
37 
S2F 
o 
Yes 
0.022 
42.4 
52.7 
0.70 
5720 
5680 
470 
820 
3.00 
41 
1.40 
1880 
1670 
210 
400 
1.10 
28 
d . 
Based on two-in. cubes 
eBased on weight 
S2G 
o 
Yes 
0.022-
42.4 
52.7 
0.74 
5600 
5440 
560 
890 
3.15 
48 
1.45 
1290 
1200 
105 
300 
1.00 
12 
·52H 
o 
No 
0.022 
42.4 
52.7 
0.78 
4550 
5600 
340 
775 
2.80 
28 
1.45 
1360 
11 00 
90 
280 
0.95 
9 
521 
o 
No 
0.022 
42.4 
52.7 
0.78 
4310 
4670 
330 
890 
2.80 
34 
1.50 
1050 
870 
70 
260 
0.80 
7 
*Al1 test values given represent the mean value of at 
least three tests 
i 
___ J ____ .J 
N 
V1 
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TABLE A.5 MATERIAL PROPERTIES OF THE FIVE-STORY SPECIMENS;'( 
MARK F1A F1B F1C F2B F2C F3B F3C P2B P2C P2D P2E H2B H2C 
VERTICAL LOAD, kips/column 0 0 0 0 0 0 0 5.0 5.0 2.5 2.5 2.5 2.5 
OPENINGS (see Fig. A.l1) No No No No No. No No No No No No Yes Yes 
FRAME REINFORCEMENT 
Reinforcement Ratio [(A +AI )/bh] 0.011 0.011 0.011 0.022 0.022 0.034 
s s 
0.034 0.022 0.022 0.022 0.022 0.022 0.022 
Yield Stress, ksi 40.9 41.4 43.3 42.0 43.5 38.0 38.0 43.7 43.7 40.8 40.8 42.7 42.7 
Strength, ksi 53.0 53.0 54.4 53.0 54.2 61.4 61.4 53.7 53.7 51.6 51.6 53.0 53.0 
FRAME CONCRETE 
Water/Cement Ratioe 0.70 0.64 0.70 0.70 0.68 0.80 0.70 0.70 0.80 0.80 0.70 0.78 0.75 
Cylinder Strengtha , psi 5470 5090 5270 5840 5890 4900 5510 5520 3940 4090 4940 4520 5225 N VI 
Cube Strengthd , psi 
""-J 
4070 4325 
Splitting Strengtha , psi 470 610 630 600 500 470 430 540 440 430 480 400 430 
Modulus of Ruptureb , psi 1260 1160 1120 840 1060 970 1020 830 800 745 970 830 930 
Secant Modulusc , psixl06 2.90 3.40 2080 3.30 3.30 3.30 3.10 3.35 2.35 2.90 3.40 2.60 3.15 
Age, days 31 37 33 40 74 53 52 28 30 30 29 54 58 
WALL MORTAR 
Water/Cement Ratioe 1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.35 
Cube Strengthd , psi 1150 1840 1770· 1590 1320 1760 1760 650 725 1740 1400 1300 
Cylinder Strengtha , psi 1680 1390 1570 960 730 1400 1560 1250 
Splitting Strengtha , psi 180 180 180 125 100 140 180 110 
Modulus of Ruptureb , psi 600 500 540 620 340 500 280 250 225 430 410 480 
Secant Modulus c , psixl06 1.10 1.20 0.90 0.90 1.20 1.10 1.00 
Age, days 25 19 26 56 21 25 21 16 20 15 18 52 
aBased on 4 by 8-in. cylinders dBased on two-in. cubes 
bBased on 2 by 2 by 8-in. prisms loaded at eBased on weight 
center of a six-in. span 
*All test values given represent the mean value of at least 
cBased on secant drawn to 0.4(compressive strength)of 4 by 8-in. cylinder three tests. 
--1 ~ 1 ~ 
,', 
TABLE A.6 MATERIAL PROPERTIES OF THE TWO-STORY SPECIMENS" 
MARK 
VERTICAL LOAD, kips/column 
OPENINGS (see Fig. A.24) 
FRAME REINFORCEMENT 
Reinforcement Ratio [(A +AI )/bh] 
s s 
Yield Stress, ksi 
Strength, ksi 
FRAME CONCRETE 
Water/Cement Ratioe 
Cylinder Strengtha , psi 
Cube strengthd , psi 
Spl itting Strengtha , psi 
Modulus of Rupture b , psi 
Secant Modulus c , psi x 106 
Age, days 
WALL MORTAR 
Water/Cement Ratioe 
Cube Strengthd , psi 
Cylinder Strengtha , psi 
. Modulus of Ruptureb , psi 
Secant, Modu1usc , psi x 106 
Age, days 
aBased on 4 by 8-in. cylinders 
M2B 
o 
No 
0.022 
43.3 
52.6 
0.70 
6240 
6360 
550 
1010 
3.45 
80 
1.45 
1165 
1310 
390 
1.10 
67 
bBased on 2 by 2 by 8-in. prisms loaded at center 
of a in. span 
cBased on secant drawn to 0.4 (compressive strength) 
of 4 by 8-in. cylinder 
_- __ J ____ J 
M2C 
o 
No 
0.022 
43.9 
53.1 
0.70 
6650 
6520 
510 
1050 
3.50 
59 
1.35 
1150 
1180 
380 
0.90 
14 
M20 
2.5 
No 
0.022 
43.8 
52.9 
0.70 
5600 
5390 
460 
780 
3.20 
97 
1.35 
1260 
1210 
340 
0.90 
62 
M2E 
5.0 
No 
0.022 
42.8 
52.6 
0.73 
5160 
6350 
470 
970 
2.80 
62 
1.35 
1230 
1430 
375 
1.00 
48 
M2F 
o 
Yes 
0.022 
42.7 
52.7 
0.73 
5410 
7380 
510 
900 
3.00 
27 
1.35 
1580 
1630 
490 
1.10 
16 
dBased on two-in. cubes 
eBased on weight 
~ 
M2G 
5.0 
Yes 
0.022 
42.7 
52.4 
0.80 
4190 
4800 
380 
630 
2.60 
15 
1.35 
1685 
1175 
310 
1.00 
8 
"All test values given represent the mean 
value of at least three tests 
N 
\.J1 
00 
TABLE A.7 FRAME REINFORCEMENT 
~ Columns and Interior Beams Base Beam Top Beam Series Longitudinal Stirrups Longitudinal Stirrups Long I t ud I na 1 Stirrups 
S2 0.177" 0.000" 0.25" 0.1205" 0.177" o. 1205" 
0.25 " 0.080" 
Fl 
F2 0.177" 0.080" 0.25" 0.1205" 0.177" 0.080" 
P2 
H2 
0.3125" 
F3 0.3125" 
-
0.50" 0.3125" 0.3125" -
0.75 " 
M2 0.177" 0.1205 11 0.25 " 0.177" 0.25 " 0.177" 
---_._._-
Note: The numbers given Indicate the diameter of the bar or wire. Refer to Sections A.2, A.3, and A.4 for 
the amount and arrangement of the reinforcement used in each specimen. 
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FIG. A.l OVERALL DIMENSIONS OF THE ONE-STORY SPECIMEN 
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FIG. A.4 ONE-STORY SPECIMEN, LONGITUDINAL REINFORCEMENT 
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FIG. A.6 ONE-STORY SPECIMEN, REINFORCEMENT IN FORM 
FIG. A.7 ONE-STORY SPECIMEN, BASE BEAM DETAIL 
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FIG. A.8 OVERALL DIMENSIONS OF THE FIVE-STORY SPECIMEN 
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FIG. A. 10 FIVE-STORY SPECIMEN WITH PRECAST PANELS AND 
MODIFICATIONS FOR VERTICAL LOAD 
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FIG. A.l1 FIVE-STORY SPECIMENS WITH OPENINGS 
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FI G. A. 16 FIVE -5 TORY S PEe IMENS (p 0.022), BEAM-COLUMN JOINT DETAr L 
9 
FIG. A.17 FIVE-STORY SPECIMENS (p 0.022), BASE BEAM DETAIL 
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FIG. A.61 MODEL BRICKS 
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FIG. A.64 TEST SETUP FOR MASONRY PANEL 
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FIG. A.69 PRECAST WALL PANEL REINFORCEMENT 
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APPENDIX B. PRESENTATION OF THE TEST DATA 
B.1 Introductory Remarks 
In this appendix the data recorded during the tests are 
summarized for each of the 26 specimens with filler walls. The pro-. 
cedures used for obtaining the data are described in Appendix A, 
which provides a complete description of the experimental program. The 
alphanumeric designation of the specimens is described in Appendix C. 
The test data are presented for each specimen qeginning with 
the one-story one-bay structures, followed by the five-story one-bay 
structures, and finally the two-story three-bay structures. 
The test results are given for each specimen in the following --- '1 
order: 
(1 ) crack patterns 
(2 ) total load vs deflection relationships 
----l 
(3) tota 1 load vs steel strain relationships I I 
(4 ) total load vs wa 11 strain relationships 
(5 ) shrinkage strains 
(6 ) photographs 
The crack patterns were dr.awn to show the sec;:.lence of crack 
formation. The numbers shown on the drawings refer to he loading 
stage at which the particular crack was visually observed. Cracks 
which widened as the loads increased are marked with he0vier 1 ines. 
The loading stages are indicated on the load-deformatio:: plots. 
The lateral and vertical deflections which ,were measured are 
plotted against the total load. The points indicate the stages at which 
loading was stopped and readings were taken. Corrections made for base 
movement are described in the following sections. Out-of-plane displace-
ments were found to be negl igible, however, the maximum values encountered 
are also reported. In some of the tests a sudden drop in load occurr.ed 
as loading increments nearing the maximum load were appl ied. In such 
cases it was possible to record the maximum load but no deflection 
measurements could be obtained. Therefore, the maximum loads reported 
in the text for some of the spec imens may be higher than the load-
deflection plots indicate. 
The strains measured on the reinforcement are also plotted for 
each stage of loading. For specimens subjected to constant vertical as 
well as lateral loads, the strain p10tted at zero load was caused by the 
vertical load which was appl ied immediately before the lateral load 
appl ication was begun. 
Deformations on the wall were not measured in all of the 
specimens. These measurements were made in two of the one-story 
specimens (S2H and 521) and all six of the two-story specimens. The 
results are given as a function of the lateral load. 
Shrinkage deformation was measured on two of the one-story 
specimens (S2H and 521) and five of the five-story specimens (F3C, P2B, P2C, 
P2D, and P2E). Note that the shrinkage measurements were begun one day 
after the specimen was cast so the zero for the shrinkage plots was 
taken when the specimen was one day old. 
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Photographs were taken during testing and after failure of the 
specimens. In some of the photographs, the cracks were outl ined with a 
marking pen for emphasis. 
If readings were not taken for a certain deformation, eith~r 
because the gage was not-functioning or because a gage plug fell off, 
the gage or gage 1 ine designation is marked IIOUTII. In several instances 
a reading may have been missed or incorrectly recorded at a certain load 
level. If this occurred a broken line was drawn between_ the loading 
stages preceding and following the loading stage in question. 
In the fo11owing three sections any details pecul iar to certain 
tests are explained along with any corrections which may have been made 
to the curves. 
B.2 Data from Tests of One-Story Specimens 
Movement of the base beam in the tests of the one-story s-pec imens 
was negl igible and therefore no corrections of the load-deflection curves 
were neces sary . 
In the load-deflection curves for several of the tests, there 
are loading stages marked with an "A" after the load number. This 
marking indicates a stage where only the load and the deflection of the 
top beam could be recorded prior to a drop in load. Therefore, these 
IIA-readings" only occur in the plots of the top beam deflections. 
Out-of-plane displacements were measured at the mid-height of 
the columns in the tests of the one-st~ry specimens. The maximum trans-
verse deflection measured was on the order of 0.015 in. at the maximum 
load (for all specimens). No twisting of the specimens took place. 
-- --1 
! 
- --, 
I 
I 
I 
l 
l 
The deformation measurements made on the walls (specimens S2H 
and S2I) were corrected for changes in the instrument due to handl ing. 
Readings taken on a standard bar were used as a control. Standard readings 
were taken before and after each set of gage readings were made. 
B.3 Data from Tests of Five-Story Specimens 
The lateral and vertical deflections plotted for the five-story 
specimens were corrected for base upl ift' measured adjacent to the tension 
column. A rigid body rotation of the base, about the outside face of the 
compression column, was assumed for correcting the deflection. Lateral 
sl ip of the base was negl igible. 
The maximum out-of-plane displacement measured in the five-
story structures (at the maximum load level) was about 0.5 in. at the 
top of specimens P2C, P2D, and P2E (transverse displacement measured at 
mid-height of specimens was about 0.2 in.). In the remaining specimens 
the transverse di~p1acements were less than 0.4 in. at the top and 0.2 in. 
at mid-height. No significant twisting was observed in the specimens. 
For several of the five-story specimens the strains measured 
at certain locations on the specimen (gages 21 through 28) were 
ins i 9 n i f i can tan d we r e not inc 1 u d ed, i n the plot s . 
B.4 Data from Tests of Two-Story Specimens 
The lateral deflections measured for the two-story specimens 
were corrected for a rigid body translation due to sl ip of the base 
beam. No rotation of the base beam was measured. 
The maximum out-of-plane displacement measured on the top beam 
was about 0.15 in. at the maximum load for specimen M2B. For all other 
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specimens the maximum transverse displacement was less than 0.10 in. 
at the top beam. Twisting of the specimens was negl igible. 
Strain gages were located on the reinforcement at the mid-height 
of the columns, as well as at the top and bottom of the columns, in 
specimens M2D, M2E, M2F, and M2G. 
The deformation measurements made on the walls of the specimens 
were corrected for changes in the instrument due to handl ing. Readings 
were taken on a standard bar before and after each set of gage readings 
was taken. The standard readings were used as a control. 
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FIG. B.9 CRACK PATTERN FOR SPECIMEN S2D 
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FIG. B.12 SPECIMEN S2D AFTER FAILURE 
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APPENDIX C. N'OTATION 
C.1 Designation of the Test Structures 
Each specimen has been designated by an alphanumeric mark of 
three units. The first unit, a letter, represents the type of specimen, 
using the following code': 
S = one-story one-bay test specimen 
F = five-story one-bay test specimen with no vertical load or 
open i ngs 
P = five-story one-bay test spec imen with vertical load but 
open i ngs 
H = five-story one-bay test specimen with vert i ca 1 load and 
openings 
M = two-story three-bay test spec imen 
The second unit, a numeral, indicates the reinforcement ratio for the 
beams and columns of the frame as follows: 
= Pg of 0.011 
2 = Pg of 0.022 
3 = Pg of 0.034 
The third un it, a letter, represents the order of testing within each 
series:. 
C.2 Des ignat ion of the Components of the Test Struct'ures 
no 
To avoid ambiguity in references to the various members of the 
test specimens, the components of the test structures were given an 
alphanumeric designation of three units (Fig. C.l, C.2, and C.3). 
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The first unit, a letter, desinates the type of member: 
C = column 
B = beam 
W = wa 1 1 pa ne 1 
The second unit, a numeral, gives the vertical location or story number· 
of the member. 
The third unit, a numeral, gives the horizontal location of the ·member. 
Tile numbering scheme runs consecutively in the direction·of the loading 
.(::or each type of member. 
The top beam and base beam of the specimens were not given 
alphanumeric designations (Fig. C.1, C.2, and C.3). 
C.3 Symbols 
In selecting the symbols for this report, the "Proposed Standard 
for the Preparation of Notation for Concrete" (ACI Committee 104, 1970) 
was used as a guide. Most of the symbols listed below are also defined 
where they are first introduced in the text. 
A, 
S 
AI 
S 
A = A sc S 
A 
w 
E 
E c 
+ AI s 
= area of tension reinforcement in frame members 
(beams or columns) 
= area of compression reinforcement in frame 
members (beams or columns) 
= total area of reinforcement in frame members 
(beams or columns) 
= horizontal cross-sectional area of wall panel 
= modulus of elasticity of frame-wall composite 
rna t e ria 1 (a s s urn i ng E = E ) 
c w 
= modulus of elasticity of concrete (measured 
as secant modulus to 0.4 f ) 
cu 
E 
m 
E 
w 
E 
s 
F 
I 
I 
c,ol 
K 
M 
M y 
N 
c 
v 
V 
col 
V 
cr 
" 
489 
modulus of elasticity of mortar (measured 
as secant modulus to 0.4 f' ) 
, mu 
= modulus of elasticity of wall material 
modulus of elasticity of reinforcing steel 
= appl ied vertical force on structure 
= shearing modulus of wall material 
= moment of inertia of the total frame-wall 
cross section about the centroidal axis 
(transformed section) 
= moment of inertia of individual piers in 
specimens with openings (transformed sections) 
moment of inertia of the uncracked transformed 
column cross section about the centroidal axis 
= coefficient dependent on moment-to-shear ratio 
determined from geometry of structure and appl ied 
loading 
bending moment on structure 
= appl ied moment on structure at the level of the 
first-story beam 
= yield capacity of column cross section in 
bending 
normal force in first-story compression column 
= total appl ied lateral load on structure 
= total lateral load required to develop the yield 
capacity of the structure calculated on the basis 
of beam action 
shear force, in column 
total lateral load required to initiate cracking 
in the frame with no filler walls (calculated) 
V 
crf 
V 
crs 
V 
max 
v 
w 
w/c 
a 
b 
d 
d' 
d 
e 
f 
cu 
f 
mr 
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total lateral load required to initiate flexural 
cracking of structure calculated on the basis 
of beam action 
total lateral load on the structure required to 
initiate shear cracking of the masonry wall 
(calculated) 
= total lateral load on the structure required to 
develop the capacity of the knee-braced-frame 
system (calculated) 
shear force in wall 
water-cement ratio (based on weight) 
)ateral deflection 
= slip of the anchored reinforcement 
= width of the column cross section 
distance from extreme compression fiber to 
centroid of tension reinforcement in column 
= distance from extreme compression fiber to 
centroid of compression reinforcement in column 
= nominal diameter of reinforcing bar or wire 
= distance from extreme compression fiber of 
compression column to centroid of reinforcement 
in tension column 
= unit bond stress 
= shear strength of masonry with zero normal 
stress 
= spl itting tensile strength of concrete 
(4 by 8-in. cyl inders) 
= compressive strength of concrete (4 by 8-in. 
cyl i nders') 
modulus of rupture of mortar (2 by 2 by 8-in. 
prisms) 
f 
mu 
f' 
mu 
f . 
nl 
f 
r 
f 
su 
f 
wv 
f y 
h 
k 
j, 
c 
j, 
ce 
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= sp1 itting tensile strength of mortar 
(4 by 8-i~. cy1 inders) 
compressive strength of mortar (2-in. cubes) 
= compressive strength of mortar (4 by 8-in. 
cy1 inders) 
= initial normal compressive strength on wall 
resulting from appl ied vertical load 
= modulus of rupture of concrete (2 by 2 by 8-in. 
pr isms) 
ultimate strength of reinforcing" steel 
tensile stress at cracking 
= normal compressive stress on masonry wall 
= horizontal shearing stress on masonry wall 
= yield strength of reinforcing steel 
= total depth of column cross section 
coefficient dependent on the cross-sectiona1 
area over which the shearing stress is 
distributed 
= clear height of column 
anchorage length of reinforcing bar or wire 
height of wall segments bracing columns 
(knee-braced-frame model) 
= distance from top of base beam to mid-height 
of first-story beam 
effective height of columns (knee-braced-frame 
mode 1 ) 
= width of wall panel 
= total height of structure measured from the top 
of the base beam to the mid-height of the top beam 
£ 
w 
\J 
Pg = [(A + A I ) /bh] s s 
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= height of wall panel 
= distance from neutral axis to extreme fiber in! 
tension 
angle between gage 1 ines for deformation 
measurements on wall panels 
= total number of items in a series 
average strain over gage length for measured 
deformations 
= yield strain of reinforcing steel 
shearing strain in wall panel 
= rotation of column at level of wall brace 
(knee-braced-frame model) 
= coefficient of friction for masonry 
= Poisson1s ratio 
= geometrical ratio of reinforcement based on 
gross area of section 
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Abstract: The tests of 27 reinforced concrete frames with in-filled 
masonry walls are described. The l/8-th scale plane frames had 
18 in. story heights and 36 in. bay widths, and the brick walls were 
Cl~e in. thick. The variables included the amount of frame reinforce-
ment, the axial column loads, openings in the walls, and number of 
storys and bays. All frames were tested to failure under horizontal 
loads applied in the planes of the frames. 
It was found that the initial response could be predicted by consid-
ering the frames as cantilever beams, and the response after shear 
cracking in the walls could be predicted on the basis of the behavior 
of knee-braced frames. The wall failure loads could be related to 
the tests of masonry specimens. 
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the t.ests of masonry specimens. 
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